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Abstract  

Global, national, and local pressures have shaped the New Zealand dairy industry and have led to 

the intensification of dairy farming. There are a number of potential health impacts, both positive 

and negative, associated with dairy farming. This thesis aims to identify and describe causal 

pathways linking dairy farming and public health, and to quantify selected impacts associated 

with the intensification of dairy farming in New Zealand.  

Review of the literature identified zoonotic diseases; occupational hazards; direct and indirect 

environmental health impacts; antimicrobial resistance; foodborne hazards; diet-related health 

harms and benefits; and indirect economic, social, and cultural effects as potential health impacts 

associated with dairy production and consumption. However, there are considerable difficulties 

involved in quantifying the effects of the intensification of dairy farming on human health, 

particularly with regard to complex and indirect causal pathways, such as climate change and diet. 

Health impact assessment, the environmental burden of disease approach, and integrated 

assessment modeling were identified as appropriate methodologies for a comprehensive and 

transdisciplinary assessment of the potential health impacts associated with the intensification of 

the dairy sector. While these approaches were deemed too resource-intensive to complete as a part 

of this thesis, components of this thesis could provide useful input into such an assessment in the 

future.  

Dairy cattle numbers have increased substantially in New Zealand in recent decades. High dairy 

cattle density represents a significant potential exposure to zoonotic pathogens. This thesis 

primarily focused on bovine enteric zoonoses, due to the historically high enteric infection rates in 

humans in New Zealand. Specifically, the influence of dairy density on campylobacteriosis, 

cryptosporidiosis, giardiasis, salmonellosis, and Shiga toxin-producing Escherichia coli (STEC) 

infection was investigated.  

Environmental exposure to bovine zoonotic pathogens is of particular concern in rural and peri-

urban areas. Descriptive analyses indicated that there may be higher risk of infection in areas 

where dairy cattle were newly introduced than in longstanding dairy farming regions. In 

particular, campylobacteriosis and cryptosporidiosis notification rates in New Zealand display 

strong seasonality and distinct patterns between urban and rural areas. For both diseases, increases 

in rural cases often preceded increases in urban cases, suggesting that rural exposures drive some 

of the burden of disease in urban areas. Detection of space-time clusters also demonstrated 

differences in disease risk between urban and rural areas.  
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Classification and regression tree analysis indicated that estimated river E. coli concentration was 

an important predictor for campylobacteriosis and cryptosporidiosis clusters. Therefore, 

waterborne transmission may play an important role in the development of some disease clusters. 

Livestock densities were important predictors for both clusters and seasonal notification rates of 

both diseases. Additionally, Poisson generalized linear models indicated that cattle are an 

important source of disease for young children in rural areas.  

There may be human health benefits to limiting dairy cattle numbers in areas where 

environmental factors facilitate pathogen transport to waterways. However, the relationship 

between dairy cattle density and enteric disease rates is complex and pathogen specific. 

Importantly, local and larger scale environmental characteristics and social factors appear to 

strongly modulate disease risk.  
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Chapter 1 

Introduction 

The links between agriculture and health are numerous and well-documented, operating through a 

number of direct and indirect pathways. Agriculture can support health and wellbeing by 

providing food and nutrients, as well as opportunities for employment and the generation of 

income (IFPRI 2006a). However, food production and consumption, or over-consumption, can 

also negatively impact human health (WHO 1992, Horrigan 2002, IFPRI 2006a, Kimman 2013).   

Global, national, and local drivers and pressures have shaped the New Zealand dairy industry and 

have led to the intensification of dairy farming. There are a number of potential health impacts 

that are specifically known to be associated with dairy farming. The intensification of the industry 

in New Zealand may serve to magnify existing health impacts or could possibly contribute to the 

introduction of novel health issues. 

1.1 Chapter Aims 

This chapter aims to present a broad overview of the New Zealand dairy sector; characterise the 

intensification of dairy farming in New Zealand; and provide a brief introduction to the linkages 

between agriculture and public health. The conceptual framework to underpin this thesis is then 

provided, and the thesis structure is summarised. 

1.2 Background 

1.2.1 Recent History of the New Zealand Dairy Sector 

Important shifts within the agricultural sector in New Zealand in the past half century have shaped 

the dairy sector. In 1984, a number of different agricultural subsidies, including those for 

fertiliser, transportation, and the eradication of weeds, were abolished in the national budget 

(Walker 1994, Smith 2004). Subsidies for irrigation and water were also lowered and over the 

course of the next year Supplementary Minimum Prices, which represented more than a quarter of 

all farm subsidies, were removed (Walker 1994, Smith 2004). Due in part to the removal of these 

subsidies, New Zealand saw a shift away from the production of sheep and beef cattle to dairy 

farming, especially on the East Coast of the North Island and the Southern half of the South Island 

(Smith 2004).  

Prior to 1984, approximately 40% of sheep and beef farm income came from government 

subsidies (Walker 1994, Smith 2004), while dairy farms had essentially received no subsidies 

from the government (Smith 2004). Consequently, sheep and beef farmers suffered financially 
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with the removal of agricultural subsidies, while the dairy industry was not as severely impacted 

(Smith 2004). By 1987, profits on sheep and beef farms had decreased by more than 50%, 

whereas dairy farming became even more competitive after the 1984 reforms were enacted (Smith 

2004). However, the increasing importance of dairy farming in New Zealand was not solely due 

to the 1984 reforms. Other events, including the United Kingdom’s entry into the European Union 

in the 1970s, had already forced the New Zealand dairy industry to reposition itself within the 

global market (Walker 1994, Smith 2004).  

Following the implementation of the 1984 reforms, the dairy industry underwent a major 

reorganisation. In 1998, the industry went from 36 dairy companies in 1982 to two companies, 

NZ Dairy Group and Kiwi (Smith 2004). NZ Dairy Group and Kiwi then merged in 2001, under 

the Dairy Restructuring Act, to form the cooperative Fonterra, which represents approximately 

95% of the nation’s dairy farmers (Smith 2004, Bolan 2009). New Zealand’s two independent 

companies, Tatua and Westland, represent most of the remaining 5% (Smith 2004, Bolan 2009).  

With these changes in the dairy sector, there has also been a shift away from smaller single-

operator farms to larger syndicate-owned farming enterprises (Bolan 2009). However, for the time 

being, most dairy farms in New Zealand continue to be family owned and operated (Walker 1994, 

Smith 2004). Additionally, around one-third of dairy systems involve share-milking contracts, 

under which a landowner makes an agreement with a second party who will be responsible for 

milking the dairy herd in return for a percent of the income generated (Smith 2004).  

Overall, sheep and beef cattle production remain important to New Zealand’s agricultural 

economy, despite the relative increase in the competitiveness of dairy farming (Smith 2004). 

However, there are distinct differences between the sectors. The beef and sheep sectors had 

historically been supported by agricultural subsidies and experienced declines in farm profits, 

falling income levels, and decreases in production and stocking rates after subsidies were 

withdrawn in 1984 (Smith 2004). By contrast, the dairy sector had relatively little support in the 

form of subsidies and experienced significant expansion after the agricultural subsidies were 

removed (Smith 2004). Despite links between the beef and dairy sectors, dairy cattle and beef 

cattle numbers have not followed the same trends over time, nor have they responded similarly to 

historic policy decisions (Smith 2004). Therefore, because this thesis will examine trends over 

time, the two sectors will not be analysed in tandem. This thesis will focus on the dairy sector and 

its impacts on the environment and human health. 
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1.2.2 Intensification of Dairy Farming in New Zealand 

Definition of Intensification 

In the dairy sector, intensification is often defined as an increase in milk yield per unit of area or 

per unit of external input (MacLeod 2006, Moller 2008, Basset-Mens 2009, Foote 2015, Ledgard 

2016, Chobtang 2017a). Farm intensification can be achieved through higher stocking rates and 

the use of external or off-farm inputs, such as supplemental feed or fertilisers, but intensification 

typically keeps farmland area relatively constant (Chobtang 2017b). Milk production can also be 

increased through farm expansion, which requires additional lands to be purchased or converted 

to dairy pasture (Chobtang 2017b). Farm expansion and farm intensification methods used in New 

Zealand, including higher dairy cattle stocking rates, are discussed below.  

Dairy Expansion 

There has been a notable expansion in the land area used for dairy farming in New Zealand 

(Smith 2004). Studies have estimated that the area of dairy farming increased by 46% between 

1972 and 1990 (MacLeod 2006). Additionally, from 1990 to 2000 dairy farms increased in size 

by an average of 23% (Moran 1997, Smith 2004). New Zealand has also seen the expansion of the 

dairy industry into some regions that have not historically supported dairy cattle (MacLeod 2006) 

and some farms have transitioned away from other forms of agricultural production and into dairy 

farming (Smith 2004). By 2016, New Zealand had approximately 1.8 million hectares of dairy 

land (DairyNZ 2016b). 

Intensification Methods & Metrics 

Efforts to increase production through farm expansion alone may be limited by the local 

availability of land suitable for agricultural development, largely due to New Zealand’s 

mountainous terrain (Walker 1994). However, there is evidence that many New Zealand dairy 

farms have intensified dramatically over the past few decades (Bouwman 2013). Efforts to 

increase dairy production have led to the increased use of external inputs at the farm level 

(Chobtang 2017b). Specifically, stocking rates have increased substantially (MacLeod 2006, 

Statistics New Zealand 2012), many dairy farms now rely on supplemental feeds for their cattle 

(MacLeod 2006, Foote 2015), and there have been marked increases in fertiliser (MacLeod 2006, 

Basset-Mens 2009, Foote 2015) and pesticide purchases (MacLeod 2006). Many farms have also 

increased the intensity of pasture use through improved cattle breeding techniques, increased land 

subdivision, and increased irrigation (Smith 2004).  
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Increased Stocking Rates 

In New Zealand, many producers have relied on higher stocking rates to increase production; 

using the same land area to support larger herd numbers and thus increasing livestock density. 

Stocking rates for dairy cattle increased gradually from 1960 through the 1980s at a rate of 

approximately 0.54% per year, but dairy cattle numbers have increased more rapidly since 1990 

(MacLeod 2006). The number of dairy cattle increased by more than one million from 2007 to 

2012 (Statistics New Zealand 2012) and there are currently more than 5 million milking cows in 

New Zealand (DairyNZ 2016b). 

Increasing Demand for Off-farm Resources 

With attempts to increase milk production, New Zealand has seen an increased demand for 

external inputs, including supplemental feeds, fertilisers, and pesticides. More than 85% of dairy 

farms in New Zealand now use supplemental feeds (Foote 2015, DairyNZ 2016a). Palm kernel 

expeller (PKE), which is a by-product of the palm oil extraction process, is one of the primary 

supplemental feeds used on dairy farms in New Zealand (Foote 2015). New Zealand is the 

world’s largest importer of PKE, importing around 30% of the total global trade, which equalled 

approximately 2.5 million tonnes in 2016 (Foote 2015, Index Mundi 2017). 

Lime, phosphatic (P) fertilisers, nitrogenous (N) fertilisers, potassic (K) fertilisers, and compound 

fertilisers that contain multiple nutrients are commonly used in New Zealand (Roberts 2012, 

Foote 2015). The primary nitrogenous fertiliser used in New Zealand is urea and the dairy 

industry has significantly increased its use and application over the past several decades. The 

industry’s use of urea increased by approximately 360% between 1996 and 2012 (Foote 2015). 

Most of the urea used in New Zealand is imported; approximately 526,000 tonnes of urea were 

imported from Saudi Arabia and Qatar in 2012 (Foote 2015). However, New Zealand produces an 

additional 260,000 tonnes of urea each year using natural gas (Foote 2015). 

New Zealand has also seen a slight increase in the use of pesticides in agriculture over time, but 

use is relatively low compared to other member countries of the Organisation for Economic 

Cooperation and Development (OECD), largely due to the dominance of pastoral farming (OECD 

2008). While there is limited data on pesticide use in New Zealand, it is estimated that from 1999 

to 2003 the volume of pesticides used nationally increased by 27% (Manktelow 2005). 

Specifically, the pastoral sector saw an increase in the use of the herbicide glyphosate during that 

time (Manktelow 2005). However, the pastoral agriculture sector is estimated to use only 0.2 

kilograms of active ingredient per hectare (kg a.i./ha) on average, as compared to horticultural 

sectors which use an estimated 13.2 kg a.i./ha (Manktelow 2005).  
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Construction 

The New Zealand dairy industry has also seen an increase in the construction of facilities that 

allow for the temporary removal of stock from pastures (Longhurst 2006, Luo 2006, Bolan 2009). 

While farms have traditionally been pastoral year-round, a number of larger farms have 

constructed over-wintering barns to protect their herds from inclement weather (Longhurst 2006, 

Bolan 2009). This more closely mirrors some of the alpine dairy systems common in parts of 

Europe (e.g. Ighina 2011). Additionally, stand-off pads and feed pads are becoming more 

common as farmers adjust their management strategies to accommodate higher stocking rates 

(Bolan 2009). 

The need to provide supplemental feed, as well as to protect pastures from compaction, has led to 

the construction and use of stand-off pads, areas where cattle can be held for up to eighteen to 

twenty hours per day, and feed pads where cattle can be provided with supplemental feeds more 

efficiently on some farms (Luo 2006, Bolan 2009). A number of dairy farms have combined 

stand-off pads and feed pads into a single facility, which is sometimes called an out-wintering 

system (Bolan 2009). Additionally, covered systems to protect cattle from harsh climatic 

conditions have become more common in New Zealand (Longhurst 2006, Bolan 2009). However, 

in covered systems, such as wintering barns and herd homes, the partial or total housing of cattle 

during wetter winter months can lead to a large increase in the quantity of effluent produced 

(Bolan 2009). Increasing volumes of manure and effluent associated with farm intensification 

may increase certain health risks, including occupational hazards, zoonotic disease transmission, 

and environmental pollution (Bolan 2009).  

1.2.3 Agriculture and Public Health 

The International Food Policy Research Institute (IFPRI) has articulated the complexity of 

considering the health impacts of agricultural production systems:  

“The interactions between agriculture and health are two-way: 
agriculture affects health, and health affects agriculture. The process of 
agricultural production and the outputs it generates can contribute to 
both good and poor health, among producers as well as the wider 
population (IFPRI 2006a).” 

Agricultural systems provide food, fibre, and other materials necessary for human survival and 

good health (Hawkes 2006). They also present important income and employment opportunities 

(Hawkes 2006), which are critical determinants of health (Marmot 2008). However, agricultural 

systems can also pose public health risks, including occupational health hazards, foodborne 

illnesses, and infectious diseases (WHO 1992, Horrigan 2002, Hawkes 2006, IFPRI 2006a, 

Kimman 2013). For example, in livestock production, certain animals can transmit different 
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zoonoses (Hawkes 2006, Kimman 2013). It has been estimated that more than half of global 

emerging infectious disease events of zoonotic origin from 1940 to 2005 resulted from changes in 

land use, agricultural practices, and food production practices (Keesing 2010, Whitmee 2015). In 

addition, the consumption of certain agricultural products is associated with a number of diet-

related chronic diseases (Horrigan 2002, Hawkes 2006). Agriculture can also impact human 

health through intermediary processes (Figure 1). For example, the influence of agriculture on 

health through the process of environmental change is evident (WHO 1992, Hawkes 2006).  

  

Figure 1. Conceptual Framework of the Linkages between Agriculture and Health. Adapted 
from IFPRI (2006a). 

Agriculture is multifunctional and it impacts food security and economic production, shapes rural 

landscapes and communities, and contributes to the provision of ecosystem services (Renting 

2009, Gutzler 2015). Therefore, sustainable agricultural development must balance economic, 

social, and environmental services and functions, along with potential public health impacts.    

1.3 Focus of Study 

Despite the compelling need for real-world evidence in the area of agricultural policy and public 

health outcomes, the ongoing and rapid intensification of the New Zealand dairy sector has not 

been extensively studied. While regions with stable farming histories pose certain known 

environmental health risks, it is unclear how the risks in newly farmed regions will compare to 

those in well-established farming regions. It is possible that risks will be fewer or less severe, 

because ecosystem health was protected from agricultural intensification and expansion for 

longer. Alternately, the risks could be more severe because the intensification and expansion has 

occurred so rapidly that the surrounding ecosystems were unable to adapt as quickly as the 

changes occurred. The context of this thesis is the gap between the concern for direct and indirect 

health impacts associated with intensified dairy production in New Zealand and the lack of real-

world evidence that confirms these impacts. This thesis attempts to fill a small part of this gap.  



 35 

Specifically, review of the literature revealed the lack of a comprehensive review of the potential 

health impacts associated with dairy farming. Therefore, Chapter 2 outlines both positive and 

negative health impacts that may be associated with dairy production and consumption. A review 

of available methods for conducting a comprehensive and transdisciplinary assessment of the 

potential health impacts associated with the intensification of the New Zealand dairy sector was 

also undertaken (Chapter 3). However, it was not possible to conduct a comprehensive assessment 

as part of this thesis due to resource constraints. Therefore, this thesis primarily focused on bovine 

enteric zoonoses, due to the historically high rates of enteric zoonoses in humans in New Zealand 

(Snel 2009a, Lal 2013b), which pose a considerable public health (Lake 2000, Lake 2010) and 

economic burden (Scott 2000, Snel 2009a). Specifically, campylobacteriosis, cryptosporidiosis, 

giardiasis, salmonellosis, and Shiga toxin-producing Escherichia coli (STEC) infection 

notifications were examined in Chapters 5 and 6, while analyses in Chapters 7-10 focused on 

campylobacteriosis and cryptosporidiosis notifications because these diseases displayed strong 

seasonality and distinct patterns between urban and rural areas in New Zealand. 

This thesis also contributes to the bridging of traditional disciplinary silos. The “One Health” and 

“Planetary Health” approaches recognise the interdependency of human health, animal health, and 

ecosystem health (Zinsstag 2012, Whitmee 2015, Haines 2016). This thesis helps to further 

understanding of these interdependencies.  

1.3.1 One Health, Planetary Health & Transdisciplinary Approaches 

The transdisciplinary One Health and Planetary Health approaches recognise that resilient 

agricultural systems are not only integral to solving the issues of food security and undernutrition, 

as well as overnutrition, but also to minimising environmental degradation and other negative 

health impacts (McMahon 2015, Whitmee 2015). However, the Rockefeller Foundation-Lancet 

Commission on planetary health has uncovered substantial knowledge gaps and recommended 

that transdisciplinary research activities be expanded to improve planetary health (Whitmee 

2015). The Commission specified that research efforts should focus on defining the links between 

health and environmental change, potential non-linear state shifts in natural systems that underpin 

human health, and adaptation strategies for populations vulnerable to environmental change 

(Whitmee 2015). The report stated: 

“The first priority for research is to improve evidence of how 
environmental changes, both singly and in combination, can affect 
human health through mechanisms such as changes in the availability 
and quality of food and water; altered transmission of vector-borne, 
zoonotic, and other infectious agents; and the effects of changes on the 
frequency and intensity of extreme events in both aquatic and terrestrial 
ecosystems (Whitmee 2015, pg. 2015-2016).” 
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This thesis will develop our understanding of how dairy production systems can affect human 

health. Clarifying the role of dairy farming intensification in the transmission of zoonotic enteric 

agents in New Zealand will help to refine disease surveillance and assist efforts to manage or 

reduce disease risk. Additionally, retrospective analysis of the relationships between disease 

incidence and potential risk factors will improve models that predict health outcomes under 

scenarios of agricultural land use and environmental change. The role of livestock production, as 

well as other environmental and social factors, in influencing zoonotic disease risk should be 

reflected in policy. 

1.4 Thesis Objectives 

The central aim of this thesis is to assess the public health significance of the intensification of 

dairy farming in New Zealand.  

To that end, the research objectives were to:  

(i) establish the main causal pathways of human health impacts associated with dairy 

production and consumption, globally and in New Zealand;  

(ii) assess available methods and tools for examining the direct and indirect health 

impacts associated with agricultural production systems;  

(iii) examine patterns of dairy production and intensification in New Zealand; and  

(iv) quantify, for selected causal pathways, empirical relationships between relevant 

exposures and health impacts 

1.5 Thesis Methodology 

1.5.1 Spatial Analytical Framework  

Following review of the literature, this thesis loosely follows the spatial analytical framework 

presented by Pfeiffer, et al. (2008). Descriptive temporal analyses were also included in this thesis 

in order to further explore patterns of disease and investigate potential drivers. The goals of 

spatial epidemiological analysis are the description of spatial patterns of disease, identification of 

disease clusters, and explanation or prediction of disease risk (Pfeiffer 2008). 

Typically, the first step of a spatial epidemiological analysis is visualisation of spatial patterns of 

disease, often using choropleth maps (Pfeiffer 2008). In Chapter 4, spatial patterns of dairy cattle 

density, which served as a proxy measure for exposure to dairy cattle and the dairy farm 

environment, were explored using geographic information system (GIS) techniques. In Chapter 5, 

choropleth maps were created for selected zoonotic diseases of interest over time.  
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The second step of a spatial epidemiological analysis is often exploration, which involves the use 

of statistical methods to determine whether observed spatial patterns are random (Pfeiffer 2008). 

For this thesis, descriptive statistical techniques were used to investigate associations between 

dairy cattle density and disease incidence in Chapter 5. Seasonal patterns of disease were explored 

using descriptive statistical techniques and time animations in Chapter 6. Additionally, clusters of 

disease were detected in Chapter 7 using the Kulldorff space-time scan statistic. 

Finally, modeling is used to explain or predict patterns of disease (Pfeiffer 2008). Specifically, 

modeling introduces the concept of cause-effect relationships using both spatial and non-spatial 

data (Pfeiffer 2008). In this thesis, classification and regression tree models were developed for 

clusters of campylobacteriosis and cryptosporidiosis and for average seasonal notification rates 

for both diseases in Chapters 8 and 9, respectively. Building on the results, generalized linear 

models for seasonal campylobacteriosis and cryptosporidiosis notification rates were developed in 

Chapter 10. While none of these approaches allows for definitive causal inference, they provide 

insight into potential causal processes (Pfeiffer 2008). 

1.6 Thesis Chapters 

This thesis consists of eleven chapters. Chapter 1 provides background on the New Zealand dairy 

sector and briefly discusses the linkages between agriculture and public health. The chapter also 

describes the thesis aims, objectives, and structure. 

Chapter 2 is a review of the potential public health impacts associated with dairy production and 

consumption. The purpose of this chapter is to summarise the evidence for potential health 

impacts globally and identify which impacts may be most important in New Zealand. The review 

identified zoonotic diseases; occupational impacts; environmental health impacts; antimicrobial 

resistance; foodborne hazards; diet-related harms and benefits; and economic, social, and cultural 

impacts. 

Chapter 3 reviews the available tools and methodologies for assessing the potential direct and 

indirect health impacts associated with an agricultural production system. The purpose of the 

chapter is to identify which methods could be applied to a comprehensive and transdisciplinary 

assessment of the New Zealand dairy sector. Specifically, health impact assessment, 

environmental burden of disease, or integrated assessment modeling approaches could be 

appropriate for assessing the health impacts associated with the New Zealand dairy sector. 

Chapter 4 presents spatial trends in dairy cattle density in New Zealand and compares spatial 

patterns of dairy density with patterns of human population density over time in order to assess 

potential exposure to zoonoses. The chapter shows that exposure to bovine zoonotic pathogens 
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may be of particular concern in rural and peri-urban areas of New Zealand. The increases in dairy 

cattle densities with intensification of the sector may lead to higher pathogen loads to the 

environment through increased manure production on farms. 

Chapter 5 explores spatial patterns of zoonoses in New Zealand and assesses the relationship 

between dairy cattle density and rates of selected zoonoses. Specifically, campylobacteriosis, 

cryptosporidiosis, giardiasis, salmonellosis, and Shiga toxin-producing Escherichia coli (STEC) 

infection notification rates were visualised and compared to patterns of dairy cattle density. The 

chapter shows that census area units that were categorised as having new exposure to dairy cattle 

from 2000 to 2014 experienced the largest increases (i.e. campylobacteriosis and 

cryptosporidiosis), or smallest decreases (i.e. giardiasis and salmonellosis), in mean disease 

notification rates over time, with the exception of STEC infection.  

Chapter 6 examines the periodicity of selected zoonoses and explores seasonal patterns of disease 

in relation to rurality and dairy cattle density. Clear seasonal patterns were observed for 

campylobacteriosis and cryptosporidiosis. Differences in disease notification rates were also 

evident between urban and rural areas, as well as between areas with dairy cattle and areas 

without any dairy cattle.  

Chapter 7 presents detected space-time clusters of campylobacteriosis and cryptosporidiosis in 

New Zealand. When detected clusters were compared to recorded outbreaks, the results suggested 

that a number of potential outbreaks may have gone undetected in New Zealand. Refinement of 

the disease surveillance system could help to better identify or predict outbreaks. Spatial 

comparison of detected clusters to potential environmental risk factors also indicated that 

environmental exposures may have played a role in the development of certain clusters. 

Chapter 8 analyses potential environmental and social risk factors and identifies potential 

interactions between risk factors for space-time clusters of selected zoonoses in New Zealand 

using classification and regression tree (CRT) analysis. This chapter shows that median river E. 

coli concentration was one of the most important predictors for both campylobacteriosis and 

cryptosporidiosis clusters in New Zealand. A number of other environmental and social factors 

were also important predictors. The results suggest that waterborne transmission may be 

particularly important in the development of clusters of these diseases in New Zealand. 

Chapter 9 analyses potential environmental and social risk factors and identifies potential 

interactions between risk factors for seasonal notification rates of selected zoonoses in New 

Zealand using CRT analysis. Average seasonal notification rates were analysed because evidence 

indicates that the majority of campylobacteriosis and cryptosporidiosis cases in New Zealand are 
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sporadic and not associated with a cluster or an outbreak event. This chapter showed that 

livestock densities, season, and several social and environmental factors, were important 

predictors for both diseases.   

Chapter 10 presents the results of the modelled relationships between environmental and social 

variables and seasonal notification rates of campylobacteriosis and cryptosporidiosis in New 

Zealand. 

The final chapter of the thesis, Chapter 11, discusses the key findings, outlines the implications of 

the study, and makes recommendations for future research and policy considerations. 
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Chapter 2 

A Review of the Effects of Dairy Production and Consumption 

on Public Health Globally and in New Zealand 

2.1 Introduction 

Dairy production and consumption can have both positive and negative human health effects 

(Hawkes 2006). Dairy products are major sources of high quality protein and bioavailable 

nutrients (e.g. calcium) (IFPRI 2006b). Dairy production can also contribute to local, regional, 

and national level economies, and provides opportunities for employment and income generation 

(IFPRI 2006a), which are critical determinants of health (Marmot 2008). However, a number of 

potential health harms associated with dairy production and consumption have also been 

identified, including diet-related chronic diseases, environmental change, foodborne hazards, 

occupational hazards, and zoonotic diseases (WHO 1992, Horrigan 2002, IFPRI 2006a, Kimman 

2013).  

2.1.1 Global Dairy Production and Consumption 

There are more than 115 million dairy farms around the world (FAO 2010b). However, the 

average dairy herd size is only 2.4 cows (FAO 2010b). In most countries, especially in Africa, 

Asia, Eastern Europe, and parts of Latin America, dairy farmers typically have fewer than ten 

cows; only fifteen countries have an average dairy herd size of more than 50 cows (FAO 2010b). 

Furthermore, only Argentina, Australia, the Czech Republic, New Zealand, South Africa, and the 

United States have an average herd size greater than 100 cows (FAO 2010b).  



 42 

 
Figure 2. Global cattle density map matching FAOSTAT 2005 (FAO 2017b). 

In many nations the majority of milk is produced in small scale farming systems that are based on 

low inputs and have relatively low yield per cow (FAO 2017a).  There are a number of different 

dairy production systems around the world and rural smallholder dairy farming, pastoral dairy 

farming, and landless peri-urban dairy farming are the most common production systems in lower 

income nations (FAO 2017a).  Generally, in Africa and Asia, dairy production occurs in mixed 

farming systems (i.e. farms on which cash crops are also produced) with fewer than five cows, 

while in South America farmers usually raise at least ten cows for both milk and meat production 

(FAO 2017a). Overall, approximately 90% of the world’s milk supply is produced in mixed 

farming systems (FAO 2017a). 

Globally, there is strong demand for milk and dairy products (FAO 2010b, IDF 2016). This is 

largely due to global population growth, although increases in per capita dairy intake have also 

driven global demand (FAO 2010b). As demand for food increases, agricultural sectors have 

sought to increase production to meet that demand and the dairy sector is no exception. In 2014, 

more than 655 million tonnes of milk were produced by the global dairy sector (FAO 2017a) and 

global production is projected to increase by 23% from 2014 to 2025 (OECD 2016). 

Milk production is only one aspect of the global dairy industry. Many dairy cows are eventually 

slaughtered for meat. In 2007, approximately 10 million tonnes of meat were produced from both 
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dairy cows and reproduction bulls (FAO 2010a). This estimate does not include the production of 

meat from calves born to milking cows that weren’t later used as dairy cows or reproduction 

bulls, which totalled approximately 24 million tonnes (FAO 2010a). Altogether, meat production 

associated with the global dairy sector contributed around 57% of the total cattle meat produced 

globally (FAO 2010a). However, this thesis will not focus on the potential health impacts 

associated with dairy sector meat production and will primarily examine the milk production 

chain.  

The United States Department of Agriculture (USDA) estimated that more than 182 million 

metric tonnes of fluid cow's milk were consumed globally in 2017 (USDA 2018). Additionally, 

more than 19 million metric tonnes of cheese, 9 million metric tonnes of butter, and almost 4 

million metric tonnes of both non-fat dry milk and whole milk powder were consumed around the 

world during the same market year (USDA 2018). Demand for dairy products has grown with a 

rising global population (Figure 3). However, due to global trade, those countries that produce the 

most dairy are not necessarily the ones that consume the most (Figures 4-13). The quantity of 

dairy consumed also varies substantially by location and by product (Figures 5, 7, 9, 11, and 13). 

Variation in demand and consumption may be due, in part, to shifts in dietary preferences and 

varying rates of population growth, urbanisation, or economic growth (FAO 2006, Thornton 

2010).  

 
Figure 3. Global per capita consumption of dairy products and population. Adapted from 

IDF (2016). 
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Figure 4. Cow milk production for selected countries and regions. Figure adapted from 

USDA (2018). 
 

 
Figure 5. Domestic cow milk consumption for selected countries and regions. Figure 

adapted from USDA (2018). 

 

Argentina
Australia

Brazil

China

European Union

India

New Zealand

Russia

United States

0

20000

40000

60000

80000

100000

120000

140000

160000

2014 2015 2016 2017 July 2018

10
00

 M
et

ric
 T

on
ne

s

Year

Argentina
Australia

Brazil
China

European Union

India

New Zealand

Russia

United States

0

10000

20000

30000

40000

50000

60000

70000

2014 2015 2016 2017 July 2018

10
00

 M
et

ric
 T

on
ne

s

Year



 45 

 
Figure 6. Cheese production for selected countries and regions. Figure adapted from USDA 

(2018). 

 

 
Figure 7. Domestic cheese consumption for selected countries and regions. Figure adapted 

from USDA (2018). 
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Figure 8. Butter production for selected countries and regions. Figure adapted from USDA 

(2018). 

 

 
Figure 9. Domestic butter consumption for selected countries and regions. Figure adapted 

from USDA (2018). 
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Figure 10. Non-fat dry milk production for selected countries and regions. Figure adapted 

from USDA (2018). 

 

 
Figure 11. Domestic non-fat dry milk consumption for selected countries and regions. 

Figure adapted from USDA (2018). 
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Figure 12. Whole milk powder production for selected countries and regions. Figure 

adapted from USDA (2018). 

 

 

Figure 13. Domestic whole milk powder consumption for selected countries and regions. 
Figure adapted from USDA (2018). 
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quota in April 2015, allowing milk production to increase, and Russia’s continued import ban, 

which has impacted butter and cheese exports from the EU, United States, and Australia in 

particular (OECD 2016).  

2.1.2 Dairy Production and Consumption in New Zealand 

In 2016, there were 11,918 dairy herds and approximately five million milking cows in New 

Zealand (DairyNZ 2016b). New Zealand is the world’s top dairy exporter (Bouwman 2013, 

Fonterra 2014) and accounts for approximately one third of the global dairy trade (New Zealand 

Trade & Enterprise 2014). Approximately 95% of New Zealand’s dairy production is exported 

and the top four dairy export products are whole milk powder (37%), cheese (12%), skim milk 

powder (10%) and butter (9%) (Dairy Companies Association of New Zealand 2018). The 

predominant end product of milk processing is milk powder, with approximately 52% of raw milk 

in the country used for milk powder production and 19% used for the production of cheese (FAO 

2010a). The export of dairy products reached a record peak of NZ$17 billion in 2014 (New 

Zealand Trade & Enterprise 2014).  

In the past 40 years, milk yields in New Zealand have increased by about 30%, or by 

approximately 0.78% per year (MacLeod 2006). Generally, milk production has increased both 

per hectare and per cow in New Zealand, with milk production per hectare having increased at a 

rate of 1.4% per year since the early 1970s (MacLeod 2006). In 2014, New Zealand produced 

more than 21 million tonnes of milk, as compared to 17 million tonnes in 2010, 12 million tonnes 

in 2000, and just over seven million tonnes in 1990 (FAO 2017b). This trend has continued in 

recent years. Between 2014 and 2015 alone, New Zealand saw an estimated 5% increase in total 

milk output (OECD 2016). However, adverse weather conditions during a strong El Niño event 

restricted production in pasture-based systems in Oceania in 2016, potentially leading to a 

reduction in production of almost 7% in New Zealand (OECD 2016). Dairy production in New 

Zealand (Figure 14) far exceeds domestic consumption (Figure 15). However, New Zealand’s 

domestic fluid milk consumption has increased rapidly in recent decades, outpacing the rate of 

population growth (Figure 16).  
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Figure 14. Past and projected dairy production in New Zealand by commodity. Adapted 

from OECD (2014). 

 
Figure 15. Past and projected dairy consumption in New Zealand by commodity. Adapted 

from OECD (2014). 
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Figure 16. New Zealand fluid milk consumption. Figure adapted from Index Mundi (2018) 

and Statistics New Zealand (2018a). 
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impacts associated with dairy production and consumption will enhance understanding of the 

potential consequences associated with the intensification of the dairy sector. 
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2.2 Chapter Aims 

The chapter seeks to identify and review the potential public health impacts, both positive and 

negative, associated with the production and consumption of dairy. However, impacts can vary 

significantly by location and may also depend upon the characteristics of production systems, as 

well as the vulnerability of the populations and ecosystems impacted (van der Werf 2002, 

Payraudeau 2005). Therefore, this review also specifically examines the importance of the 

identified impacts in New Zealand where possible. 

The chapter splits potential impacts into seven broad categories: (i) zoonotic diseases, (ii) 

occupational impacts, (iii) environmental health impacts, (iv) antimicrobial resistance, (v) 

foodborne hazards, (vi) diet-related harms and benefits, and (vii) economic, social, and cultural 

impacts. The chapter attempts to include both direct and indirect impacts. Potential indirect 

impacts that are environmentally mediated, such as climate change, are discussed within the 

environmental health impacts section (2.4.3). The indirect economic, social, and cultural impacts 

associated with dairy farming that are not necessarily environmentally mediated are discussed 

separately (2.6). The consideration of indirect economic, social, and cultural factors is critical to 

providing a comprehensive overview of the potential linkages between the dairy sector and public 

health.  

Aims are: (i) to review research identifying potential health harms and benefits associated with 

dairy production and consumption; (ii) to develop a comprehensive view of the intersection 

between the dairy sector and health; and (iii) to identify specific public health impacts associated 

with dairy production and consumption that may be of interest in New Zealand. 

2.3 Methods 

A number of different electronic databases (i.e. Medline, Embase, Scopus, Web of Science, 

PubMed, Google Scholar) were searched for peer-reviewed, published literature that investigated 

the association of dairy production and consumption with potential public health impacts. Search 

strategies used are provided in Appendix A. Articles in languages other than English were 

excluded. There were no restrictions on publication dates. 

After searching each database, individual article titles and abstracts were assessed to determine 

their relevance to the topic of this review. Articles were excluded that focused on species other 

than cattle (e.g. goats, sheep, buffaloes, camels, and yaks), examined animal health impacts rather 

than potential human health impacts, or assessed mitigating or adaptive interventions for certain 

health risks. Specifically, only articles that explicitly identified or examined potential human 

health impacts were included. Articles that examined impacts specific to beef cattle production 
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and meat consumption were also excluded, despite some overlap between the two sectors. 

Furthermore, this review did not include consideration of the impacts associated with dairy sector 

by-products, such as the trade in bobby calves, nor did this review assess potential impacts 

associated with the sale of specialised dairy products, such as those derived from colostrum.  

Following the initial full-text review, additional reports and articles were added where necessary 

to supplement previously obtained information. For example, the search strategies initially 

utilised for this review were not designed to specifically examine indirect environmental health 

impacts associated with dairy farming and only a relatively small sample of relevant articles were 

originally identified. Therefore, additional articles and reports were added to the review in order 

to provide a more comprehensive overview of the potential environmental health risks. 

Furthermore, where the literature search did not yield sufficient details about impacts specific to 

the dairy sector, additional references about livestock production and consumption in general 

were used. For example, in section 2.6, which discusses indirect economic, social and cultural 

impacts, a number of generalisations are made based on broader information about livestock 

production and consumption.  

This review examines the potential health harms and benefits associated with dairy production, as 

well as the effects related to the consumption of dairy products (Figure 17). The impacts have 

been categorised into seven broad groups: (i) zoonotic diseases, (ii) occupational impacts, (iii) 

environmental health impacts, (iv) antimicrobial resistance, (v) foodborne hazards, (vi) diet-

related harms and benefits, and (vii) economic, social, and cultural impacts. However, these 

categories are not mutually exclusive, as there is substantial overlap between them. For example, 

some of the articles that were assigned to the zoonotic diseases category also fell within the 

foodborne hazards category, because many of the same pathogens that are discussed in the 

zoonotic diseases section can also be transmitted to humans in contaminated food. Additionally, 

zoonotic pathogens present a risk to farm workers who have direct contact with infected cattle and 

therefore also pose an occupational hazard. There is also a broader environmental risk to rural 

communities from zoonotic pathogens that can survive in the environment. Furthermore, zoonotic 

pathogens may harbour antimicrobial resistance.  
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Figure 17. Potential health impacts associated with dairy farming. 

The impact categories are considered below in terms of those most closely associated with the on-

farm production of milk (i.e. zoonotic diseases, occupational impacts, environmental pollution, 

and antimicrobial resistance), followed by the impacts most closely related to the consumption of 

dairy products (ie. foodborne hazards and diet-related health harms and benefits). A discussion of 

potential, indirect economic, social, and cultural factors and impacts is included separately, after 

the other sections. 

2.4 Impacts Associated with Dairy Production 

2.4.1 Zoonotic Diseases 

Zoonotic pathogens are an important source of human disease and can be detrimental to public 

health in terms of morbidity and mortality, as well as socioeconomically (McDaniel 2014). 

Livestock are often a critical source of income, especially in lower income regions (LID 1999, 

Owen 2005, FAO 2016), and zoonotic infections can severely undercut livestock productivity and 

reduce revenues (WHO 2012a, McDaniel 2014). Zoonotic diseases are also considered a major 

cause of poverty (WHO 2012a). Cattle are a known reservoir for a number of different pathogens 

that can cause human illness (FAO 2006, Toth 2013). It has been estimated that at least 60% of 

human pathogens and 75% of recent emerging diseases have been zoonotic, although many 

outbreaks have been of wildlife rather than domestic-animal origin (Taylor 2001, FAO 2006, 

Jones 2008). In a review of bovine zoonotic diseases, 45 different pathogens were identified, of 
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which 19 were bacterial, 13 were parasitic, 10 were viral, two were fungal, and one was a prion 

(McDaniel 2014). Approximately 69% of the identified bovine zoonoses have a global 

distribution and a significant portion of bovine zoonotic pathogens have the ability to transmit 

from human to human, although most are not highly transmissible and therefore do not typically 

result in large epidemics (McDaniel 2014).  

The U.S. National Institute of Allergy and Infectious Diseases has identified 25 bovine zoonoses 

as emerging or re-emerging diseases of interest (McDaniel 2014, NIAID 2018). Furthermore, 

certain bovine zoonotic diseases, such as Rift Valley fever, Crimean-Congo fever, Q fever, and 

anthrax have the potential for high morbidity and high mortality rates, and a number of bovine 

zoonoses have been recognised as potential bioterrorism agents (WHO 2008, McDaniel 2014, 

U.S. Centers for Disease Control and Prevention 2018). However, the pathogens that result in the 

most severe clinical presentations in humans are not necessarily frequently reported. While the 

incidence of bovine zoonotic infections may vary regionally, some of the more commonly 

reported pathogens include Salmonella spp. (Cavirani 2008, Toth 2013, Whitfield 2017), Shiga 

toxin-producing Escherichia coli (STEC) (Cavirani 2008, Toth 2013, Whitfield 2017), 

Campylobacter spp. (Cavirani 2008, Toth 2013, Whitfield 2017), Cryptosporidium spp. (Cavirani 

2008, Toth 2013), Brucella spp. (Cavirani 2008), Mycobacterium bovis (Cavirani 2008), Listeria 

spp. (Cavirani 2008), Coxiella burnetii (Cavirani 2008), Trichophyton verrucosum (Cavirani 

2008), Yersinia spp. (Whitfield 2017), and Giardia spp. (Whitfield 2017). A number of globally 

important bovine zoonotic diseases are highlighted below. The importance of each disease in New 

Zealand is also discussed. 

Anthrax 

Bacillus anthracis is the causative agent of anthrax and has a global distribution (McDaniel 

2014). While anthrax is not a particularly common bovine infection, outbreaks are occasionally 

reported (Steele 1953, Turner 1999). However, anthrax is of particular concern due to its potential 

use as a bioterrorism agent (WHO 2008). With regard to the dairy industry, anthrax can be 

transmitted through direct contact with infected cattle, through the inhalation of spores, or through 

the ingestion of contaminated food (WHO 2008). There is also evidence that cutaneous anthrax 

can be transmitted through insect bites (WHO 2008). Anthrax can cause gastrointestinal, skin and 

tissue, pulmonary, cardiovascular, and neurological clinical symptoms in infected humans (WHO 

2008, McDaniel 2014). Anthrax can have a high mortality rate depending on the route of 

exposure and on how rapidly a diagnosis is made (WHO 2008, McDaniel 2014). 

According to the New Zealand Ministry for Health, the last case of human anthrax in New 

Zealand was in 1940 (Ministry of Health 2012a) and the last fatal case of human anthrax was 
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reported in 1903 (ESR 2009). Historically, outbreaks of anthrax in livestock in New Zealand have 

been due to the import of contaminated animal products, such as unsterilised bones that were 

imported for use as fertiliser in the late 1880s and early 1890s (Barry 1954). The bones were 

imported from Australia and India to New Zealand, where they were crushed and spread on 

agricultural fields (Barry 1954). The application of the “bone-manure” was followed by anthrax 

outbreaks in livestock, in the areas where it was spread (e.g. Auckland, Taranaki, and Southland) 

(Barry 1954). The outbreaks led to the introduction of legislation in New Zealand enforcing the 

sterilisation of the bones in the country of origin, which was enacted in 1905 (Barry 1954). The 

legislation led to a decrease in the incidence of anthrax in livestock, as did a shift to artificial 

fertilisers (Barry 1954). However, because anthrax spores can survive in soil for long periods of 

time, several recrudescent outbreaks occurred after 1905 (Barry 1954). The last reported outbreak 

in livestock was in 1954 (Ministry of Health 2012a) when 23 cattle died; New Zealand has been 

considered free of anthrax since that time (ESR 2009). 

Bovine tuberculosis 

Bovine tuberculosis is most commonly caused by Mycobacterium bovis, although it can also be 

caused by Mycobacterium tuberculosis and possibly Mycobacterium caprae (Cavirani 2008, 

McDaniel 2014). However, only a relatively small proportion of human tuberculosis cases are 

from M. bovis in industrialised nations (Cavirani 2008, McDaniel 2014), where pasteurisation of 

milk and tuberculosis eradication programs have helped to reduce the incidence of disease (Thoen 

2006). However, bovine tuberculosis continues to be an important public health challenge in low 

income regions where factors including Human Immunodeficiency Virus (HIV) rates and the high 

prevalence of infection in animals pose major barriers to control (Thoen 2006). Bovine 

tuberculosis is normally transmitted through drinking or handling contaminated, unpasteurised 

milk, although there are reports of agricultural workers exposed through the inhalation of 

aerosolised bacteria (Cavirani 2008, McDaniel 2014). Infection with M. bovis can cause severe 

pulmonary symptoms in humans (McDaniel 2014) and is of particular concern in patients with 

HIV co-infection (Thoen 2006).  

Tuberculosis is still an important communicable disease in humans in New Zealand, with 

incidence rates in recent years higher than those in Australia, the United States, and Canada 

(Ministry of Health 2012b). However, the contribution of Mycobacterium bovis to the total human 

tuberculosis burden seems low (ESR 2015). In 2014, 255 new human tuberculosis cases were 

laboratory confirmed and only one case was confirmed by isolation of M. bovis from a clinical 

specimen, while 238 were confirmed by isolation of M. tuberculosis (ESR 2015). Fewer than five 

human cases of culture-positive tuberculosis due to M. bovis were reported annually from 2010 to 

2014 (ESR 2015). 
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M. bovis can infect a wide range of animals, including cattle, and the disease is a serious threat to 

New Zealand’s dairy exports (OSPRI 2012). The main vectors of bovine tuberculosis in New 

Zealand are wild possums and ferrets (OSPRI 2012). Efforts to eradicate the disease in livestock 

and to eradicate possums, an invasive species, are ongoing (OSPRI 2012). Disease control efforts 

have helped to decrease the number of infected cattle herds in the country from around 1700 

infected herds reported in the mid-1990s to only 43 infected herds in 2016 (OSPRI 2012). 

Brucellosis 

Cattle are susceptible to both Brucella melitensis and Brucella abortus (biovars 1, 3, and 6) 

(Cavirani 2008), which have global distributions (McDaniel 2014). Brucellosis is typically 

associated with the consumption of contaminated milk or dairy products (Cavirani 2008, 

McDaniel 2014, Zastempowska 2016), but can also be spread through direct contact with infected 

cattle (Cavirani 2008, McDaniel 2014) or through inhalation (McDaniel 2014). Severe cases of 

brucellosis can cause cardiovascular, neurological, and systemic clinical manifestations 

(McDaniel 2014). 

New Zealand is Brucella-free, although human and animal cases can be imported (Community 

and Public Health 2017). From 1997 to 2003 only 15 human cases of brucellosis were notified in 

the country and no locally acquired cases have been reported since 1996 (Community and Public 

Health 2017). Brucella abortus was last isolated in New Zealand cattle in 1988 and New Zealand 

declared biological freedom from bovine brucellosis in 1996 (Mackereth 2003). 

Campylobacteriosis 

Campylobacter jejuni, Campylobacter coli, and Campylobacter fetus are important agents in 

foodborne outbreaks globally and can be transmitted through raw milk and dairy products 

(Steinmuller 2006, Cavirani 2008, McDaniel 2014). Direct contact with infected animals is also 

an important risk factor for campylobacteriosis (Steinmuller 2006, Whitfield 2017). 

Campylobacteriosis often presents clinically as diarrheal disease, accompanied by fever 

(Steinmuller 2006, McDaniel 2014, Smith 2016). However, in rare cases Campylobacter spp. 

infections can affect the cardiovascular and neurological systems (McDaniel 2014). In some 

industrialised nations, as many as 35-66% of sporadic campylobacteriosis cases have been 

attributed to cattle reservoirs (Wilson 2008, Whitfield 2017). 

Campylobacteriosis is the most commonly notified disease in New Zealand (ESR 2017a). In 

2016, a total of 7,456 campylobacteriosis cases were notified (158.9/100,000 population) (ESR 

2017a). Generally, the number of notified campylobacteriosis cases in New Zealand increased 

from 1980, when the disease became notifiable, to 2006 when the annual rate peaked at around 
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380/100,000 population (Sears 2011). Poultry has been identified as the primary source of human 

campylobacteriosis due to C. jejuni infection in New Zealand (Mullner 2009a). Several 

interventions were introduced in the poultry industry in 2006, and by 2008 the annual 

campylobacteriosis rate had dropped to 161.5/100,000 population, representing a 54% decline 

compared to the average annual rate for the period from 2002 to 2006 (Sears 2011).  

A retrospective analysis of notified campylobacteriosis cases, which used a Bayesian hierarchical 

model at a fine spatial scale for selected regions of New Zealand from 2001 to 2007, found highly 

variable campylobacteriosis case rates in both space and time (Spencer 2012). Specifically, the 

study reported that there were differences in the patterns of campylobacteriosis notifications 

between rural and urban areas in New Zealand (Spencer 2012). In urban areas, notifications of 

campylobacteriosis are thought to be driven by the consumption of contaminated food products, 

while in rural areas environmental exposures (e.g. direct contact with animals, contact with 

faeces, recreational contact with contaminated waterways, untreated drinking water) may play a 

larger role in transmission (Spencer 2012). While historically campylobacteriosis cases have most 

often been associated with the ingestion of contaminated poultry, red meat and raw milk have also 

been identified as possible foodborne transmission pathways (Sears 2011, ESR 2017a). 

Consumption of water contaminated with faecal matter and direct contact with farm animals are 

also common transmission pathways (Ministry of Health 2017a).  

A source attribution study, which used a modified Hald model, estimated the contribution of 

different food sources to the burden of campylobacteriosis in Manawatu, New Zealand between 

2005 and 2008 (Mullner 2009a). The Hald model, a Bayesian approach, was originally developed 

to estimate the contribution of different foods to the burden of salmonellosis in Denmark, but 

modifications were made to apply the model to campylobacteriosis in New Zealand (Mullner 

2009a). The model modifications also allowed for the consideration of the contribution of non-

food pathways, including environmental and wildlife sources (Mullner 2009a). The study 

identified poultry as the main source of human campylobacteriosis due to C. jejuni infection, 

causing approximately 80% of cases (Mullner 2009a). Approximately 10% of cases were 

attributed to bovine sources and 9% were attributed to ovine sources (Mullner 2009a). However, a 

low prevalence of Campylobacter in ruminant meat samples, along with the age of ruminant-

associated cases and their spatial distribution, suggested that cases attributable to bovine sources 

may be the result of environmental or occupational exposures rather than foodborne exposures 

(Mullner 2009a). Another more recent study attributed the majority of human campylobacteriosis 

cases in the same region from 2005 to 2014 to ruminants and poultry, with more cases attributed 

to ruminants in rural areas, and more cases attributed to poultry in urban areas (Liao 2019). 
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While most human campylobacteriosis cases in New Zealand are attributable to C. jejuni, C. coli 

can also cause human infections. A study conducted in the Manawatu region genotyped C. coli  

isolates from human clinical cases, fresh poultry meat, ruminant faeces, and environmental water 

sources from 2005 to 2014 (Nohra 2016). The results indicated that C. coli accounted for 

approximately 3% of human isolates in the region (Nohra 2016). Furthermore, ruminant sources 

may have a greater relative contribution to human C. coli infection burden than poultry in New 

Zealand (Nohra 2016), in contrast to the C. jejuni infection burden. 

A cross-sectional study conducted during the 2002 calving season examined the prevalence of 

Campylobacter spp. in faecal samples from newborn calves from a convenience sample of 24 

dairy farms in Manawatu, New Zealand (Grinberg 2005). Campylobacter spp. were isolated from 

58 of 161 (36%) calves from 18 farms and C. jejuni subsp. jejuni was isolated from 11 (6.8%) of 

calves from 7 farms (Grinberg 2005). Other phenotypes detected included C. sputorum-fecalis, C. 

hyointestinalis subsp. hyointestinalis, C. coli, and C. lari (Grinberg 2005). While it is possible that 

the non-random recruitment of farms may have resulted in some inadvertent bias in the study, the 

results suggested that Campylobacter spp. are generally widespread in New Zealand and rapidly 

colonise the intestinal tract of neonatal calves (Grinberg 2005). 

Cryptosporidiosis 

Cryptosporidium species, especially C. parvum, are parasites that are commonly present in cattle 

and are shed through the faecal route (Cavirani 2008). Cryptosporidium spp. have a global 

distribution (McDaniel 2014) and cryptosporidiosis cases are often linked to contaminated water 

(Cavirani 2008, Castro-Hermida 2009, McDaniel 2014). However,  faecal contamination of milk 

and dairy products (Cavirani 2008) and direct contact with cattle (McDaniel 2014) also increase 

the risk of infection with these parasites. Cryptosporidiosis cases typically present with 

gastrointestinal symptoms (Steinmuller 2006, McDaniel 2014), but in rare cases cryptosporidiosis 

may cause pulmonary symptoms (McDaniel 2014). Source attribution studies have estimated that 

between 13 and 23% of human cryptosporidiosis cases are due to direct contact with infected 

animals (Havelaar 2008, Whitfield 2017).  

In 2016, 1,062 cases of cryptosporidiosis were notified in New Zealand (22.6/100,000 

population); this was a significant increase over the 2015 rate (15.1/100,000 population) (ESR 

2017a). Cryptosporidium parvum and Cryptosporidium hominis are the most commonly reported 

causes of human cryptosporidiosis infection (Snel 2009a). C. hominis seems to be primarily a 

human pathogen, while C. parvum reservoirs include most mammals and cattle are known to be a 

major host (Snel 2009a). Therefore, C. parvum is often subject to zoonotic transmission, while C. 

hominis is primarily subject to anthroponotic transmission (Snel 2009a). 
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A study reviewing the epidemiology of cryptosporidiosis in New Zealand for the ten year period 

from 1997 to 2006 found that a total of 8,212 cases (22.0/100,000 population) of 

cryptosporidiosis were reported and higher rates were seen in the Central North Island and in rural 

parts of the South Island (Snel 2009a). The rate of cryptosporidiosis was 2.48 times higher in rural 

areas than in urban areas and the study detected a dose-response relationship between rurality and 

cryptosporidiosis rates (Snel 2009a). The incidence rate was highest in infants and children under 

the age of five (Snel 2009a). Another study that specifically examined cryptosporidiosis incidence 

in children aged 0-5 years from 1997 to 2008 found that the risk of illness was significantly 

higher in areas with medium and high dairy cattle densities than in areas with no dairy cattle (Lal 

2016).  

Cryptosporidiosis notifications have a distinct seasonal pattern, with a spring peak each year (ESR 

2017a). Calves younger than two months old are a major host for C. parvum, but less than 1% of 

post-weaned calves and adult dairy cattle shed C. parvum oocysts in faeces (Snel 2009a). 

Therefore, the spring peak may be due to spring calving (Snel 2009a). Contact with farm animals 

and the consumption of untreated water were the most common risk factors associated with 

cryptosporidiosis cases in 2016 (ESR 2017a).   

A cross-sectional study examined the prevalence of Cryptosporidium parvum oocysts in faecal 

samples from newborn calves in Manawatu, New Zealand in 2002 (Grinberg 2005). C. parvum 

oocysts were observed in 33 of 156 (21.2%) calves from 10 farms and there was an overall farm 

prevalence of 42%, indicating that C. parvum is widespread in neonatal calves (Grinberg 2005). 

Additionally, the results suggested that there was substantial natural amplification of the parasite 

during the calving season (Grinberg 2005). The results were in line with another, more recent 

study of C. parvum cycling in New Zealand, which estimated farm-level C. parvum prevalence 

using a cross-sectional sample of 1,283 faecal specimens collected from newborn calves on 97 

dairy farms on both the North and South Islands of New Zealand in 2011 (Al Mawly 2015b). The 

study used direct immunofluorescence staining (IFA) to detect Cryptosporidium and IFA-positive 

specimens were then genotyped using PCR-sequencing (Al Mawly 2015b). The study reported 

that C. parvum was the predominant Cryptosporidium species cycling in newborn calves in New 

Zealand and was present on more than half of the farms sampled (Al Mawly 2015b).  

Giardiasis 

Giardia duodenalis, also known as Giardia lamblia or Giardia intestinalis, can be found 

worldwide (Cavirani 2008, Castro-Hermida 2009, McDaniel 2014, Garcia-R 2017) and 

assemblages A-I and B can infect both humans and cattle, along with other mammals (Castro-

Hermida 2009, Winkworth 2010, Garcia-R 2017). Giardiasis cases are frequently associated with 
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contaminated water (Cavirani 2008, Castro-Hermida 2009, McDaniel 2014); however, as in the 

case of Cryptosporidium spp., faecal contamination of dairy products may also present a risk for 

infection (Cavirani 2008). Giardiasis typically causes gastrointestinal symptoms in humans 

(McDaniel 2014).  

In 2016, 1,617 giardiasis cases (34.5/100,000 population) were reported in New Zealand (ESR 

2017a). The highest notification rates were reported in Tairawhiti, Hawke’s Bay, Lakes District 

Health Board (DHB), and Capital & Coast DHB (ESR 2017a). A review of the epidemiology of 

giardiasis in New Zealand from 1997 to 2006 found that 16,471 giardiasis cases (44.1/100,000) 

were notified during the ten year period (Snel 2009a). Higher rates of giardiasis were found in 

rural areas surrounding Auckland and Wellington, as well as in Hawke’s Bay, Buller and Grey 

district, and the Queenstown-Lakes district (Snel 2009a).  

Giardia duodenalis is the only known Giardia subspecies found in humans (Snel 2009a, Garcia-R 

2017), although it is perhaps best described as a species complex (Winkworth 2010). Seven 

genetically distinct assemblages have been identified (Winkworth 2010). Assemblage A and B are 

the only assemblages capable of causing disease in humans but can also be found in a number of 

different mammalian hosts including cattle (Winkworth 2010, Garcia-R 2017). Globally, 

Assemblages C and D have been isolated from canines, E has been isolated from livestock (e.g. 

cattle, sheep, and pigs), F has been isolated from felines, and G has been isolated from rats 

(Winkworth 2010). In New Zealand, Assemblages A, B, and E are carried by cattle (Winkworth 

2010, Garcia-R 2017).  

Studies worldwide have reported high prevalence of Giardia duodenalis in calves, while low yet 

persistent levels have been observed in adult cattle (Winkworth 2010). Studies in New Zealand 

have reported 31-41% prevalence in calves and 5% prevalence in adult cattle (Winkworth 2010). 

Cattle can excrete high concentrations of Giardia even when they don’t display clinical signs of 

infection (Winkworth 2010).  

Leptospirosis 

Leptospira interrogans is the causative agent of leptospirosis and has a global distribution 

(McDaniel 2014, Paim 2016). There are fifteen serovars of Leptospira interrogans including 

Australis, Autumnalis, Bataviae, Bratislava, Canicola, Copenhagi, Djasiman, Grippotyphosa, 

Hardjo, Hebdomadis, Icterohaemorrhagiae, Pomona, Pyrogenes, Tarassovi, and Wolffi, although 

Hardjo is considered the most widespread (Paim 2016). Leptospirosis is typically spread through 

bodily fluids of infected animals, especially urine (McDaniel 2014, Paim 2016), and human cases 

often occur through direct contact with broken skin, although ingestion of contaminated water or 

milk is also a possible transmission route (McDaniel 2014). Leptospirosis can cause serious 
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illness in humans and can impact the cardiovascular, neurological, pulmonary, and 

gastrointestinal systems, and in some cases can result in systemic infection (McDaniel 2014). Up 

to 10% of leptospirosis cases can be fatal (McDaniel 2014).  

In New Zealand, leptospirosis is the most common occupationally acquired zoonotic disease 

(Thornley 2002, Cowie 2012). In 2016, 85 cases of leptospirosis were notified in New Zealand 

(1.8/100,000 population) (ESR 2017a). Of the 80 cases that reported occupation, 61 cases were 

employed in jobs at high risk for exposure to Leptospira spp. (i.e. farmers or farm workers, meat 

processing, and other occupations that involve contact with animals and their environment) (ESR 

2017a). The highest notification rates were reported in Northland, Hawke’s Bay, Waikato, and 

Taranaki (ESR 2017a).  

A review of the epidemiology of leptospirosis in New Zealand from 1990 to 1998 found that the 

incidence was highest in males and in those who were employed as livestock farm workers, meat 

processors, or in a forestry-related field (Thornley 2002). Furthermore, areas with more intensive 

dairy farming and higher dairy cattle densities, such as Waikato, Taranaki, and Manawatu, tended 

to have higher leptospirosis incidence rates than other areas of New Zealand (Thornley 2002). 

Overall, the average annual incidence rate (4.4/100,000) for the eight year period was high for a 

temperate, industrialised nation (Thornley 2002). 

Six Leptospira serovars are endemic in New Zealand: Hardjo-bovis, Pomona, Ballum, Tarassovi, 

Copenhageni, and Balcanica (Mansell 2014). Serovars Hardjo-bovis, Pomona, and Ballum are 

responsible for the majority of human cases of leptospirosis in New Zealand (Mansell 2014). The 

most commonly reported Leptospira  serovars reported in 2016 were L. borgpetersenii sv Hardjo 

(18 cases), L. borgpetersenii sv Ballum (12 cases), and L. interrogans sv Tarassovi (9 cases) 

(ESR 2017a).  

A number of different animals, including cattle, sheep, and deer, are known hosts for Leptospira 

spp. (Mansell 2014). Immunisation of dairy herds against Leptospira spp. began in the 1980s in 

New Zealand and resulted in a significant reduction in the incidence of leptospirosis in humans, 

especially in dairy farm workers (Cowie 2012). Typically, dairy herds are vaccinated against three 

Leptospira serovars: Hardjo-bovis, Pomona, and Copenhageni, but dry stock herds are not usually 

immunised (Cowie 2012).  

Listeriosis 

Listeria monocytogenes is the causative agent of listeriosis in humans and has a global 

distribution (McDaniel 2014). The main serotypes found in cattle, milk and dairy products, and 

humans are 4b, 1/2a and 1/2b (Cavirani 2008). L. monocytogenes is often found in soils and can 
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infect cattle through feed (Cavirani 2008). L. monocytogenes is commonly carried by 

asymptomatic cattle and is widespread in the environment, therefore it can easily recirculate once 

it has been introduced to a dairy farm (Smith 2016). It can be transmitted via contaminated milk 

or dairy products and has been linked to foodborne outbreaks associated with cheese and butter 

(van Asselt 2017). However, it can also be transmitted cutaneously and vertically (McDaniel 

2014). Listeriosis can cause severe cardiovascular, pulmonary, gastrointestinal, neurological, skin 

and soft tissue symptoms in humans, and it has a 30-35% mortality rate (McDaniel 2014). Severe 

illness most often occurs in older adults, immunocompromised individuals, foetuses, and newborn 

infants (Cavirani 2008, ESR 2014).  

In 2016, 37 cases of listeriosis (0.8/100,000), including both perinatal and non-perinatal cases, 

were notified in New Zealand (ESR 2017a). The majority of cases in New Zealand are foodborne 

(ESR 2014). Dairy cattle serve as a reservoir for Listeria monocytogenes and dairy products can 

be a vehicle for human listeriosis (van Asselt 2017). Surveys of raw cow milk in New Zealand 

have reported the prevalence of L. monocytogenes from 0.7% to 4.1% (Hill 2012, ESR 2014, 

Marshall 2016). However, only a small percentage of the population is estimated to drink raw 

milk (ESR 2014). Moreover, drinking raw milk has not been reported as a risk factor, nor has it 

been confirmed as a cause, of any notified cases or outbreaks of listeriosis in New Zealand (ESR 

2014). However, information about the consumption of raw milk is not specifically collected for 

case reporting (ESR 2014). No studies examining the prevalence of L. monocytogenes in dairy 

cattle in New Zealand were identified; L. monocytogenes is not a notifiable disease for veterinary 

health (ESR 2014). 

New variant Creutzfeldt-Jakob Disease 

Prions are the causative agent of bovine spongiform encephalopathy (BSE) in cattle and can cause 

new variant Creutzfeldt-Jakob disease (vCJD) in humans via the consumption of cattle products 

(McDaniel 2014).  Infectious prions have been reported in a number of countries in Europe 

(Tyshenko 2007, McDaniel 2014) and North America (Tyshenko 2007), as well as in Israel and 

Japan (McDaniel 2014). Infectious prions can be transmitted through ingestion and iatrogenic 

pathways, and possibly through vertical or vector-borne pathways (McDaniel 2014).  

While consumption of contaminated meat has been associated with the development vCJD in 

humans, it is unclear whether or not milk and dairy products can transmit infectious prions 

(Tyshenko 2007). Infected cows may continue to produce milk before they show any clinical 

signs of BSE and the prions can accumulate for years before symptoms appear (Tyshenko 2007). 

Additionally, infectious prions are extremely heat resistant and pasteurisation does not inactivate 

them (Tyshenko 2007). However, it is not clear whether or not prions are excreted in milk 
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(Tyshenko 2007). Overall, the evidence suggests that the health risk to humans as a result of 

consuming milk or dairy products from BSE infected cows is negligible (Tyshenko 2007). While 

the risk is low, the consequences are severe, as, vCJD causes severe neurological symptoms and 

has a 100% mortality risk (McDaniel 2014).  

No cases of vCJD have been identified in New Zealand to date (ESR 2017a). Furthermore, 

according to the World Organization for Animal Health, New Zealand has negligible BSE risk 

(OIE 2018). 

Q Fever 

Coxiella burnetii is the causative agent of Q fever and has an almost global distribution 

(McDaniel 2014). Transmission to humans can occur through direct contact with infected cattle 

fluids (McDaniel 2014), aerosol inhalation (Cavirani 2008, McDaniel 2014), or through the 

consumption of raw milk or dairy products (Cavirani 2008, McDaniel 2014). Contamination of 

milk with Coxiella burnetii is widespread, but it can be removed with pasteurisation (Smith 

2016). However, the consumption of raw milk and dairy products remains an important risk for 

infection (Cavirani 2008). Farmers and veterinarians tend to have higher rates of infection 

because of exposure to aerosols on farms (Cavirani 2008). Q fever often causes pulmonary 

symptoms in humans and in rare cases patients can also present with cardiovascular, 

gastrointestinal, and neurological symptoms (McDaniel 2014). 

Only three human cases of Q fever have been reported in New Zealand since 1997, and each of 

those cases reported travelling overseas during the incubation period for the disease (ESR 2017a). 

Q fever is not endemic in New Zealand and in the early 1990s a study of 12,556 sheepdogs and 

2,181 aborting cattle found all samples to be seronegative for C. burnetii (Hilbink 1993).  

Rabies 

Rabies virus is another pathogen of concern around the world (McDaniel 2014). While canines 

and bats are more common vectors of the disease, cattle can be infected and will shed the virus in 

all bodily fluids, including milk (McDaniel 2014). In the late 1990s, several incidents were 

reported in the United States, in which a number of people required rabies post exposure 

prophylaxis after having consumed raw milk from cows infected with rabies virus (U.S. Centers 

for Disease Control and Prevention 1999). Rabies can also be spread through inhalation or direct 

contact (McDaniel 2014). Rabies causes neurological damage and is fatal if not treated quickly 

(McDaniel 2014).  

No case of rabies has ever been reported in New Zealand, and the country is classified as rabies-

free by the World Health Organization (ESR 2017a). 
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Ringworm 

Trichophyton verrucosum is a fungus that is known to cause ringworm in humans (Cavirani 2008, 

McDaniel 2014). Trichophyton verrucosum is not the only causative agent of ringworm, 

Microsporum spp. can also cause this skin disease, but it is regarded as the most important agent 

in cattle (Papini 2009). The fungus has a worldwide distribution (McDaniel 2014), although it is 

more commonly found in temperate regions and prevalence remains high in some high income 

nations despite the availability of a vaccine (Papini 2009). Trichophyton verrucosum is typically 

transmitted to humans through direct contact with infected cattle (Cavirani 2008, McDaniel 

2014), although there is also evidence that it can be spread through ingestion (McDaniel 2014). 

Ringworm is a highly inflammatory skin disease and is an important occupational hazard for 

persons handling cattle (Papini 2009, McDaniel 2014). 

Trichophyton verrucosum has been isolated from cattle throughout New Zealand (Smith 1968). 

All ages and cattle breeds seem to be affected by bovine ringworm, but observations indicate that 

lesions tend to be more severe in calves, especially in Jersey cattle (Smith 1968). While bovine 

ringworm seems to be widespread in New Zealand cattle, it seems to be less important as a source 

of human infection. A study published in 1969 found that of 4,328 dermatophytes recovered from 

human ringworm lesions between 1963 and 1968 only 46 (1.1%) were identified as Trichophyton 

verrucosum (Smith 1969). In New Zealand, smaller domestic pets are the predominant source of 

human infection, rather than larger farm animals (Smith 1969).  

Salmonellosis 

Salmonella spp. are found worldwide and can cause gastrointestinal illness in humans (McDaniel 

2014). Salmonella spp. are typically transmitted through ingestion and salmonellosis outbreaks 

are frequently associated with the mishandling of milk or dairy products (McDaniel 2014), 

including raw milk, cheese, butter, and milk powder (van Asselt 2017). Infected cattle can shed 

Salmonella spp. for up to three years after infection (Cavirani 2008), either directly into milk 

(Smith 2016) or into the environment (Toth 2013, Smith 2016). Human cases of salmonellosis 

typically lasts for four to seven days and infection often causes headache, fever, nausea, and 

occasionally vomiting (Steinmuller 2006). While most people recover from salmonellosis without 

specific treatment, in rare cases the disease can be fatal (Steinmuller 2006, McDaniel 2014). A 

number of different Salmonella enterica serovars have been isolated from cattle and can cause 

illness in humans, including Cerro (Toth 2013), Dublin (Smith 2016), Heidelberg (Whitfield 

2017), Kentucky (Eguale 2016), Montevideo (Toth 2013, Smith 2016), Newport (Smith 2016), 

Saintpaul (Eguale 2016), Typhimurium (Smith 2016, Whitfield 2017), and Virchow (Eguale 

2016). 
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In 2016, 1,091 cases (23.2/100,000 population) of salmonellosis were reported in New Zealand 

(ESR 2017a). Generally, salmonellosis notifications have remained stable since 2005 (ESR 

2017a). The most common serotypes identified by the Enteric Reference Laboratory at the 

Institute of Environmental Science and Research (ESR) in 2016 were Salmonella Brandenburg, S. 

Typhimurium phage type 56 variant, S. Stanley, S. Typhimurium phage type 101, and S. 

Enteritidis phage type 11 (ESR 2017a).  

Most of the human salmonellosis cases in New Zealand are reported to be foodborne (Mullner 

2009a, King 2011, Stevenson 2016). One source attribution study, which used a modified Hald 

model to attribute 981 human salmonellosis cases in New Zealand, attributed approximately 60% 

of cases to pork, 21.2% to poultry, 11.5% to beef and veal, 3.2% to eggs and 1.4% to lamb and 

mutton (Mullner 2009a). Another source attribution study examined nontyphoidal salmonellosis 

outbreaks in New Zealand from 2000 to 2009 and assessed the importance of different sources for 

21 laboratory confirmed outbreaks with 493 associated cases (King 2011). The study found that 

18 of the outbreaks and 98% of the cases were foodborne or associated with an infected food 

handler, two of the outbreaks and seven of the cases were attributed to contact with animals, and 

one outbreak with two associated cases was attributed to contaminated drinking water (King 

2011). However, higher incidence rates in rural areas suggest a link between salmonellosis in 

livestock and incident cases in humans (Lal 2012a, Stevenson 2016). 

Evidence has suggested that land use is an important determinant of salmonellosis in New 

Zealand (Lal 2012a), with studies reporting zoonotic transmission from livestock and wildlife 

(Alley 2002, Clark 2004), and subsequent contamination of waterways (Donnison 1999). It has 

been reported that in New Zealand there is an association between peak salmonellosis rates in 

humans and farming practices and occupational contact with livestock (Lal 2012a). A review of 

the epidemiology of salmonellosis in New Zealand from 1997 to 2008 found an average annual 

incidence of 42.8/100,000 population and reported that incidence was almost twice as high in 

summer as in winter (Lal 2012a). Analysis of spatial patterns also revealed higher risk for 

infection in rural areas with a peak in the spring, along with regional increases in zoonotic strains 

(Lal 2012a). The most commonly reported serotypes were S. Typhimurium and S. Enteritidis (Lal 

2012a). 

Cattle can be asymptomatic carriers of salmonellosis or the infection can manifest clinically as 

fever, diarrhoea, or toxaemia (Stevenson 2016). Infected cattle can excrete Salmonella in high 

numbers and can infect other animals or humans either directly or indirectly through 

contamination of the environment (Stevenson 2016). Laboratory confirmed diagnoses of 

salmonellosis have increased in dairy herds in New Zealand since the 2010-2011 season 

(Stevenson 2016). 
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Shiga Toxin-Producing Escherichia Coli Infection 

Shiga toxin-producing E. coli (STEC) are particularly important bovine zoonotic agents and pose 

a serious health risk (Oliver 2005, Cavirani 2008, McDaniel 2014, Smith 2016, Zastempowska 

2016), especially to children (Smith 2016). Severe cases can lead to haemolytic uremic syndrome 

(Steinmuller 2006, McDaniel 2014), thrombotic thrombocytopenic purpura, or haemorrhagic 

colitis (McDaniel 2014). Cattle can be a primary reservoir for STEC (Cavirani 2008, Smith 2016) 

and even cattle that appear to be healthy can shed STEC (Steinmuller 2006, Smith 2016). STEC is 

transmitted through a faecal-oral pathway and direct contact with infected animals, exposure to 

the animal environment, and faecal contamination of food products and water are important risk 

factors for human infection (Steinmuller 2006, Cavirani 2008, Jaros 2013, Smith 2016). E. coli 

can survive for up to three months in agricultural soils and dairy manure lagoons (Toth 2013). 

STEC attribution studies have identified animal contact as the source of 10-28% of reported cases 

(Whitfield 2017) and milk and dairy products are well established as potential vehicles for 

foodborne outbreaks (McDaniel 2014, van Asselt 2017). Over 200 different E. coli serotypes have 

been associated with human illness (Smith 2016), but common serotypes include O157 (Cavirani 

2008, Smith 2016), O26 (Cavirani 2008, Smith 2016), O111 (Cavirani 2008, Smith 2016), O103 

(Smith 2016), O121 (Smith 2016), O45 (Smith 2016), O145 (Cavirani 2008, Smith 2016).  

In 2016, 418 cases (8.9/100,000 population) of STEC infection were reported in New Zealand, up 

from 330 cases (7.2/100,000) in 2015 (ESR 2017a). Notifications of STEC infection have 

increased significantly since 2014, which may be due, in part, to changing laboratory testing 

methods (ESR 2017a). In July 2015, the screening of all faecal samples using Polymerase Chain 

Reaction (PCR) was introduced and resulted in increased STEC detection (ESR 2017a).  

A prospective case-control study conducted from 2011 to 2012 examined risk factors associated 

with domestically acquired sporadic STEC infections in humans in New Zealand (Jaros 2013). 

The study included a total of 113 STEC cases and 506 controls and used a standardised 

questionnaire to collect data from all participants (Jaros 2013). Clinical cases were confirmed by 

culture isolation and STEC isolates were serotyped, genotyped, and tested for the presence of 

virulence genes (Jaros 2013). Additionally, the spatial and temporal distribution of cases and 

controls was examined and a multivariate logistic regression model was used to identify risk 

factors associated with sporadic STEC cases (Jaros 2013). The study found that animal contact 

was an important exposure pathway in New Zealand. Specifically, residence in an area in which 

cattle were present (OR 1.89, 95% CI 1.04-3.42) and contact with animal manure (OR 2.09, 95% 

CI 1.12-3.90) were statistically significant risk factors (Jaros 2013). Furthermore, the study found 

that children aged 0-4 years who had contact with animals other than household pets were at 
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significantly higher risk of being STEC cases (OR 4.03, 95% CI 1.78-9.13) (Jaros 2013). Food 

products were not identified as risk factors for human infections (Jaros 2013).  

The study also found a higher risk of infection in dairy farming regions, including Northland, 

Waikato, Taranaki, Canterbury, and Southland (Jaros 2013). Human cases peaked between 

January and April (summer/autumn) (Jaros 2013). Travel to areas of New Zealand with 

interrupted water supply or to areas without a main water supply (OR 2.43, 95% CI 1.04-5.65)  

and contact with recreational water (OR 2.95, 95% CI 1.30-6.70) were both significant 

environmental risk factors for sporadic infections and those activities tend to occur more 

frequently in summer months (Jaros 2013).  However, seasonality in cases may also have been 

related to the seasonal variation in faecal STEC shedding in cattle (Jaros 2013). Overall, the 

results of the study indicated that cattle are the most important sources of STEC infections in New 

Zealand (Jaros 2013). 

Other Potential Bovine Zoonoses 

There are a number of other potential zoonotic pathogens and there is concern that additional 

pathogens may emerge in the future. For example, Mycobacterium avium subsp. paratuberculosis 

(MAP) (Oliver 2005, Cavirani 2008) and noroviruses have also been identified as potential 

zoonotic agents associated with cattle (Cavirani 2008). MAP is a possible zoonotic agent and may 

be a causative factor in the development of Crohn’s disease in humans, although current evidence 

is not conclusive (Cavirani 2008, Toth 2013). MAP has frequently been isolated from samples of 

stored manure and other locations on dairy farms, and while MAP can’t reproduce outside of a 

host species, it can remain viable in the environment for up to 55 weeks (Toth 2013). Noroviruses 

are an emerging pathogen in cattle and evidence has surfaced linking human infections with 

bovine strains (Cavirani 2008). Noroviruses are known to cause infectious enteric disease in 

humans and there is concern that cattle may act as a reservoir (Cavirani 2008). 

Global Summary 

Animal pathogens are a major source of emerging infectious diseases in humans (Jones 2008, 

McDaniel 2014). There are many different pathogens that can be carried by cattle and have the 

potential to cause illness in humans. These bovine zoonotic pathogens present a food safety risk 

and an occupational hazard (Toth 2013). Additionally, many of these pathogens may disperse in 

the environment, especially through the application of manure to agricultural fields, and can 

survive for long periods of time (Toth 2013). In 2015, the World Health Organization’s 

Foodborne Disease Epidemiology Reference Group (FERG) developed global estimates of the 

burden of foodborne disease for 31 different hazards, 13 of which are related to livestock: 

Campylobacter spp., Shiga toxin-producing Escherichia coli, non-typhoidal Salmonella enterica, 
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Cryptosporidium spp., Giardia spp., Brucella spp., Listeria monocytogenes, Mycobacterium 

bovis, Toxoplasma gondii, Echinococcus granulosus, Taenia solium, Trichinella spp., and 

Fasciola spp. (WHO 2015a, Havelaar 2017). Based on the source attribution efforts for those 13 

hazards, it has been estimated that in total, approximately 20 million disability adjusted life years 

(DALYs) are lost to zoonotic diseases related to livestock through a number of different 

transmission pathways (Havelaar 2017). To put that estimate in perspective, FERG estimated that 

the 31 foodborne hazards investigated were collectively responsible for 33 million DALYs (WHO 

2015a). While bovine zoonoses present a clear risk to public health in terms of disease morbidity 

and mortality, they also can impact health indirectly through socioeconomic factors, including lost 

revenue from decreased livestock productivity (McDaniel 2014, Thumbi 2015).   

New Zealand Summary 

In New Zealand, enteric agents account for the majority of reported infectious disease outbreaks 

(ESR 2018). However, it is estimated that only 0.5% of acute enteric disease cases are actually 

notified, as many cases recover without seeking health care services (Lake 2009, ESR 2017a). 

The main enteric pathogens reported in New Zealand are Campylobacter spp., Cryptosporidium 

spp., Giardia duodenalis, Salmonella spp., Shigella spp., STEC, and Yersinia spp. (ESR 2017a). 

There have been significant increases in notified campylobacteriosis, cryptosporidiosis, 

shigellosis, STEC infection, and yersiniosis cases in New Zealand in recent years (ESR 2017a). 

However, the increase in notified campylobacteriosis cases from 2015 to 2016 was attributable to 

a large outbreak in Havelock North and, overall, rates of campylobacteriosis were relatively stable 

from 2008 to 2015 (ESR 2017a). Cryptosporidiosis notifications increased by almost 50% from 

2015 to 2016 and STEC infection notifications have also increased markedly since 2014 (ESR 

2017a). However, the recent increases in both cryptosporidiosis and STEC infection notifications 

may be due to changes in laboratory testing methods and referral patterns (ESR 2017a). 

Notifications have also increased slightly for giardiasis and salmonellosis (ESR 2017a). However, 

salmonellosis rates have remained relatively stable in New Zealand since 2005 (ESR 2017a). 

In 2016, more than 80% of infectious disease outbreaks reported person-to-person as the primary 

mode of transmission, while 15.6% reported primarily foodborne transmission, 11.1% reported 

environmental, and only 2.3% and 2.1% reported waterborne and zoonotic transmission, 

respectively (ESR 2018). While most cases were spread from person-to-person, it is possible that 

for certain outbreaks the initial case was acquired through environmental, waterborne, or zoonotic 

exposure, even if the outbreak subsequently reported person-to-person transmission. Furthermore, 

it is possible that sporadic cases (i.e. those not associated with disease outbreaks or clusters that 

have common location, timing, or vehicle of transmission) may also have been acquired through 

various transmission pathways.   
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Thirteen zoonotic outbreaks and 47 associated cases were reported in New Zealand in 2016 (ESR 

2018). Cryptosporidium spp. was the most commonly identified causal agent (20.8%, 4/13 

outbreaks), followed by Giardia spp., Campylobacter spp., and STEC infection, with three 

associated outbreaks each (ESR 2018). While each of these agents can be transmitted 

zoonotically, the most common mode of transmission for each was not zoonotic (ESR 2018). The 

most commonly reported mode of transmission for STEC, Cryptosporidium spp., and Giardia 

spp. outbreaks in 2016 was person-to-person (ESR 2018). The majority of Campylobacter spp. 

outbreak associated cases in 2016 were waterborne, due to the aforementioned large outbreak in 

Havelock North in August 2016 (ESR 2018). However, more than half of the other 

Campylobacter spp. outbreaks were due to foodborne transmission (ESR 2018). Overall, only a 

small proportion of outbreaks in New Zealand are zoonotically transmitted. Furthermore, zoonotic 

outbreaks can be associated with a number of different animal species. For example, sheep are an 

important reservoir for many of the same infectious agents that can be carried by cattle, and the 

waterborne campylobacteriosis outbreak in Havelock North in 2016 was attributed to the 

contamination of two bore wells with sheep faeces (ESR 2018).  

Despite the relatively small contribution of zoonotic diseases to the total burden of infectious 

diseases in New Zealand, certain zoonoses, especially enteric zoonotic diseases, present 

considerable public health (Lake 2000, Lake 2010) and economic concerns (Scott 2000). New 

Zealand has some of the highest rates of enteric diseases among industrialised nations (Snel 

2009a, Lal 2013b). Infectious intestinal diseases have been estimated to cause over 800,000 cases 

of illness in New Zealand annually (Lake 2000, Snel 2009a) and had a total economic cost of over 

NZ$200 million in 2000 (Scott 2000, Snel 2009a). 

2.4.2 Occupational Impacts 

Potential occupational impacts associated with dairy production include both potential protective 

effects of certain farm exposures and potential health hazards. Occupational impacts identified in 

the literature included zoonotic diseases, respiratory hazards, injuries that largely resulted in 

musculoskeletal symptoms, risk related to antimicrobial resistant pathogens, risk for different 

forms of cancer (i.e. brain tumours, liver cancer, lip cancer, and lung cancer), cutaneous hazards 

that led to the development of contact dermatitis or hives, and mental stress. Beyond the risk to 

farmers, farm workers, and farm families, some of the occupational impacts may also present a 

broader risk to rural communities. For example, there may be a higher risk of certain zoonoses for 

children living in rural areas. However, the potential indirect human health impacts from 

environmental pollution are detailed in a separate section below (2.4.3).  
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Injury and Death 

Agriculture is one of the most hazardous work sectors around the world and dairy farming has 

been associated with significantly increased risk of injury in a number of different countries 

(Douphrate 2013). The International Labour Organization estimates that approximately 170,000 

of the 355,000 workplace fatalities that occur globally each year involve agricultural workers 

(Douphrate 2013, ILO 2017). Dairy farm worker injuries and fatalities are often associated with 

heavy machinery and vehicle operation, livestock handling, and manure management systems 

(Douphrate 2013). Slips, trips, and falls are also a common mechanism of injury on dairy farms 

(Douphrate 2013).  

A review of occupational injuries and fatalities on dairy farms that examined worker safety 

statistics for Sweden, New Zealand, Australia, the United States, and China found that machinery 

was the leading cause of injuries and fatalities on dairy farms (Douphrate 2013). Quad bikes 

present a serious hazard, especially when operated without a helmet (Douphrate 2013). 

Additionally, livestock handling is inherently hazardous and dairy bulls in particular are very 

aggressive and dangerous (Douphrate 2013). The milking of cows also presents a risk for injuries, 

particularly to the wrists, hands, and fingers, due to proximity to cows’ hooves (Douphrate 2013). 

In a survey of large-herd milking parlour workers, more than 80% of respondents reported being 

kicked or stepped on by a cow (Douphrate 2016).  

Injury Rates and Fatalities 

Injury and fatality rates for dairy farming varies by country and region, with average annual claim 

incidences ranging from 2.8 per 100 dairy farm workers in Australia from 1898 to 1992, to 6.2 per 

100 workers in the United States from 2003 to 2011, and as high as 9.6 per 100 workers in China 

in 2009 (Douphrate 2013). In Sweden, 15% of farms that engaged in milk production had one or 

more worker injuries in 2004 alone, while in New Zealand, the Accident Compensation 

Corporation (ACC) reported that on average one New Zealand farmer is injured every 28 minutes 

and one farmer dies from a work related incident every 23 days (Douphrate 2013).  In 2010 alone, 

18,700 farmers were injured on the job in New Zealand (Douphrate 2013).  

Fatalities in the dairy farming sector are also quite high globally. In Australia, a review of 

fatalities on farms between 1898 and 1992 revealed an average of five fatalities per year and 

approximately half of fatalities were farm workers and half were bystanders (Douphrate 2013). In 

the United States, from 2003 to 2011 there were a total of 349 people killed on dairy farms 

(Douphrate 2013).  
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Despite the geographic differences in injury and fatality rates, the causes of injuries on dairy 

farms are often quite similar and many of the reported injuries and fatalities occur during the 

operation of heavy machinery, handling of cattle, and through falls, slips, or trips during a number 

of different tasks (Douphrate 2013). However, while this was true in Sweden, Australia, New 

Zealand, and the United States, in China none of the reported injuries were caused by machinery, 

reflecting the lack of mechanisation in the Chinese dairy sector (Douphrate 2013). Generally, 

potential hazards vary with farm size and management practices. For example, a survey of Finnish 

farmers found that the majority of respondents thought that the use of automatic milking systems, 

as opposed to conventional milking systems, decreased physical strain, mental strain, and the risk 

of injuries and illnesses, particularly for musculoskeletal symptoms, respiratory diseases, and skin 

diseases (Karttunen 2016).  

Noise injury and noise-induced hearing loss are also an occupational risk on dairy farms (Canton 

2012). Noise injury can result in loss of ability to hear high frequency sounds, distinguish speech 

sounds, and quickly and reliably detect and identify different sounds (Canton 2012). Farm 

workers are frequently exposed to sources of noise such as tractors, grain augers, or other 

machinery (Canton 2012). They are also intermittently exposed to intense noise from vehicles, 

firearms, and hand-held machinery (Canton 2012).  

In a survey questionnaire administered to 74 participants in two New Zealand communities, 

researchers found that approximately 42-48% of participants experienced hearing difficulties, 

including communication difficulties that required the development of coping strategies and 

resulted in social isolation, decreased employment opportunities, loss of productivity, and 

increased effort and adjustment for families of individuals experiencing hearing difficulties 

(Canton 2012). Overall, around 43% of respondents reported wearing hearing protection always 

or often, while 38% sometimes wore hearing protection, and 19% reported rarely wearing hearing 

protection (Canton 2012). A loss of quality of life was also reported for spouses, families, friends, 

and colleagues of individuals experiencing noise-induced hearing loss (Canton 2012).  

Overall, injuries due to dairy farming are a major concern in New Zealand. In 2014, the dairy 

industry was reported to be one of the most dangerous work sectors in New Zealand and was 

responsible for approximately 12,000 injury claims (Accident Compensation Corporation 2015). 

The cost of active injury claims exceeded NZ$26 million and the estimated cost to businesses for 

injuries was over NZ$31 million (Accident Compensation Corporation 2015). The most common 

injury claims associated with dairy farming were to the ear (e.g. hearing deterioration), lower 

back/spine, knee, finger/thumb, and shoulder, while the most expensive claims were for injuries 

to the lower back/spine, shoulder, knee, hand/wrist, and neck/back of head (Accident 

Compensation Corporation 2015).  
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Chronic Disease 

Farmers and farm workers may experience higher rates of certain chronic conditions. A 

systematic review found that dairy farm workers experience increased rates of lung conditions 

including chronic obstructive pulmonary disorder (COPD), asthma, hypersensitivity pneumonitis, 

chronic bronchitis, certain forms of cancer, and organic dust toxic syndrome (Reynolds 2013). 

Additionally, recent studies on lung function in dairy workers have found increased obstructive 

pulmonary changes (Reynolds 2013).  

While some studies have indicated that farmers have a higher risk for certain cancers, the 

evidence is inconsistent. One systematic review found that male dairy farmers are at increased 

risk for oral, oropharynx, and oesophageal cancers (Reynolds 2013), while another found that 

farmers have elevated rates for leukaemia, non-Hodgkin’s lymphoma, multiple myeloma, soft-

tissue sarcoma, and cancers of the lip, stomach, brain, and prostate, which may be linked to 

pesticide exposure (Blair 1995). However, a large cohort study that followed both male and 

female Finnish farmers from 1995 to 2005 found that the only form of cancer that dairy farmers 

had a significantly elevated risk for was cancer of the lip (Laakkonen 2008). Overall, farmers 

tended to have a lower cancer incidence than the general population (Blair 1995, Laakkonen 

2008). Additionally, one review indicated that farmers in the United States tend to have lower 

mortality for all causes combined, heart disease, and cancers of the bladder, liver, colon, 

oesophagus, rectum, and kidney (Blair 1995).  

A number of studies have noted a lack of association between dairy farming and lung cancer 

(Blair 1995, Laakkonen 2008, Reynolds 2013) and it has been hypothesised that exposure to 

endotoxins may decrease lung cancer risk (Lange 2000, Laakkonen 2008). However, while some 

epidemiological studies of agricultural workers have observed lower than expected cancer rates, 

the results have occasionally been attributed to a form of selection bias commonly referred to as 

the healthy worker effect (Lange 2000). The healthy worker effect refers to the fact that when 

observing a group of workers, the group may be healthier than the population at large due to the 

self-selection of individuals capable of performing the required work (Chowdhury 2017).  

In New Zealand, a series of case-control studies were conducted in the 1980s in order to assess 

farming and site-specific cancer risks (Reif 1989). The analyses included 19,904 males over the 

age of 20 years who were registered with cancer from 1980 to 1984 (Reif 1989). The studies 

reported that farmers had a significantly increased risk for malignant melanoma, cancer of the lip, 

rectum, bone, prostate, and brain (Reif 1989). Farmers also had elevated risk for cancer of the 

lymphatic and hematopoietic system (Reif 1989). In particular, livestock farmers had relatively 

high risk for brain cancer (Reif 1989). Dairy farmers specifically had the highest risk for cancer of 
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the lip and for multiple myeloma (Reif 1989). A more recent case-control study, in which 225 

leukaemia cases (aged 20-75 years) notified to the New Zealand Cancer Registry during 2003 and 

2004 were interviewed, found that there was an elevated risk of leukaemia for those employed in 

the agricultural sector in New Zealand, but not for dairy farmers specifically (McLean 2009). To 

the author’s knowledge there is not a more recent, comprehensive, published review of the 

epidemiology of occupational cancer in New Zealand.   

In general, dairy farming is associated with an increased risk of lung disorders and there seems to 

be a relationship between cumulative exposure to organic dusts and decreases in respiratory 

function (Reynolds 2013). There are a number of different risk factors for the development of 

respiratory disorders in dairy farmers, including exposure to dusts or gases, duration of high 

exposure tasks such as foddering, type of fodder, smoking status, male gender, lack of respirator 

use, childhood exposures, and altitude (Reynolds 2013). In particular, smoking status, dust or 

endotoxin exposure, and type of facility seem to be important predictors of pulmonary function 

and health symptoms like eye irritation or cough (Reynolds 2013).  

Exposure may also differ between traditional farms and more modern farms (Reynolds 2013). 

Modern dairy farms often use more mechanical and natural ventilation, which may decrease 

inhalation exposures (Reynolds 2013). Modern farms may also barn dry their fodder, use silage 

rather than hay, install automatic feeders, and separate their milking operation from cattle 

housing, as compared to smaller, more traditional dairy farms (Reynolds 2013). Such changes in 

technology and farm management practices may lead to changes in exposure patterns. For 

example, there has been a decrease in the prevalence of hypersensitivity pneumonitis (also known 

as farmer’s lung) among dairy farmers, especially in higher income nations, although it continues 

to be an issue for the industry (Reynolds 2013).  

In New Zealand, a cross-sectional study examining the respiratory health of farmers working on 

different farm types was conducted in the 1990s (Kimbell‐Dunn 2001). A questionnaire was 

mailed to 2,203 farmers randomly selected from the 1996 national electoral roll and there was a 

77.6% response rate (Kimbell‐Dunn 2001). In total, respiratory symptoms were reported by 

17.6% of farmers and several occupational exposures were associated with an increased 

prevalence of shortness of breath, chronic bronchitis, and symptoms of organic dust toxic 

syndrome (Kimbell‐Dunn 2001). However, dairy farmers did not have a significantly elevated 

risk for respiratory symptoms compared to other farming types (Kimbell‐Dunn 2001). This may 

have been due to the fact that dairy cattle in New Zealand are typically extensively grazed, which 

may limit exposure to organic dust and ammonia gases in farm workers (Kimbell‐Dunn 2001).  
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Beneficial Farm Exposures 

A number of studies, including several large cohort studies, have shown a decreased prevalence of 

asthma, atopy, and atopic disorders in children raised on farms (Riedler 2001, Alfven 2006, Illi 

2012, Wlasiuk 2012, Reynolds 2013, Wells 2014, Mazur 2017). The so-called “farm effect” has 

been extensively documented, but it is not clear how exposure to a farm environment during 

childhood might modify the risk for asthma, atopy, and atopic disorders (Mazur 2017). Neither 

the specific protective factors of farm exposures, nor the underlying immunological mechanisms 

have been conclusively determined (Douwes 2008). However, it has been hypothesised that 

exposure to the microbiological diversity of the farm environment may provide protection through 

effects on the innate immune system (Leavy 2016, Mazur 2017). 

Atopic disorders comprise a broad array of genetically mediated allergic diseases, such as allergic 

rhinitis, atopic asthma (also referred to as allergic or extrinsic asthma), and allergic dermatitis 

(also referred to as eczema), which are associated with heightened T-helper type 2 driven 

inflammatory responses to common allergens (Bellanti 2017). However, while the majority of 

childhood asthma is atopic, not all asthma cases involve atopy, nor does every person with atopy 

develop an atopic disorder (Lentze 2012). Distinctions between atopy and atopic disorders, and 

between atopic and non-atopic asthma are not always made in the literature, which further 

obfuscates any potential links to farm exposures.  

A systematic review and meta-analysis published in 2012 examined the relationship between 

exposure to farming environments in childhood and asthma and wheeze in rural populations 

(Genuneit 2012). Specifically, the meta-analysis included 52 original articles from 39 different 

studies, most of which were cross-sectional or performed cross-sectional analyses (Genuneit 

2012). The meta-analyses indicated that there was substantial heterogeneity across studies 

(Genuneit 2012). However, the combined effects were still statistically significant and indicated 

that asthma prevalence was approximately 25% lower among subjects exposed to a farm 

environment compared with unexposed subjects (Genuneit 2012). However, there was insufficient 

evidence to determine whether specific farm exposures pertained to atopic or non-atopic subjects, 

largely because many studies failed to provide full information on reference groups (Genuneit 

2012). The review noted: 

“In general, ‘farm-effects’ on sub-phenotypes [atopic and non-atopic 
asthma] may drive the associations with asthma – depending on the 
prevalence of the sub-phenotypes and strength of effects – which may 
also increase heterogeneity across studies (Genuneit 2012, pg. 516).”  

Another review based largely on European paediatric cohort studies found that generally, small 

family farm exposures have been associated with a reduction in the development of atopy and 
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atopic asthma, while large animal farm exposures, such as confined animal feeding operations 

(CAFOs) that are more frequently found in the United States, tend to be associated with a reduced 

risk of atopy, but are also associated with an increased risk of developing non-atopic asthma 

(Wells 2014). However, the review was limited in the number of studies included and did not 

include a meta-analysis. Furthermore, it has been suggested that the protective effect may depend 

on farming practices, which vary widely around the world (Mazur 2017), and therefore a review 

focused largely on European cohorts may not be applicable to other regions of the world. 

A cross-sectional survey study in New Zealand assessed the prevalence of asthma, hay fever, and 

eczema symptoms, along with prenatal, early childhood, and current farm exposures in a sample 

of farmers’ children aged 5-17 years (Douwes 2008). The study found that symptoms of asthma 

and eczema were less prevalent in farmers’ children than in a rural reference group of children 

from non-farming families (Douwes 2008). Additionally, maternal exposure during pregnancy 

and current exposure to farm animals and/or grain and hay was associated with a reduced risk of 

asthma, hay fever, and eczema symptoms (Douwes 2008). A dose-response relationship was 

found for hay fever and eczema (Douwes 2008). The strongest protective effect was observed for 

children whose mothers were exposed during pregnancy and who were also currently exposed 

(Douwes 2008). The study also found that the consumption of unpasteurised milk was inversely 

associated with all outcomes, but the effect largely disappeared after controlling for other farm 

exposures (Douwes 2008). 

Farm exposures in New Zealand are likely to differ from those in Europe due to differing farm 

practices; extensive, pastoral livestock farming predominates in New Zealand, while in Europe 

livestock are typically housed for a substantial period of time each year (Douwes 2008). Farm 

children in New Zealand with frequent contact with farm animals are therefore likely to be less 

highly exposed than their European counterparts (Douwes 2008). Accordingly, other factors 

related to contact with farm animals or the farm environment may also play an important role in 

the farm-effect (Douwes 2008). 

Zoonotic Diseases 

Dairy farm workers, farm residents, veterinarians, and abattoir workers are at increased risk for 

zoonotic diseases (Toth 2013, McDaniel 2014). For example, leptospirosis is an important 

occupational zoonosis and farm workers and meat processors are at high risk for exposure to 

Leptospira spp. (Thornley 2002, Cowie 2012, McDaniel 2014). While it is possible that long-term 

exposure to certain pathogens may confer a degree of immunity (Havelaar 2009), the role of 

innate versus acquired immunity in the epidemiology of specific zoonoses is not well understood 

(Rothman 2004, Swift 2004, Havelaar 2009) and will not be covered in this review. Dairy farm 
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workers and those who come into direct contact with cattle or cattle excreta may also be at 

increased risk for the transmission of antimicrobial resistant bacteria or genes (Aitken 2016). 

Potential bovine zoonotic pathogens and antimicrobial resistance are outlined in separate sections 

(sections 2.4.1 and 2.4.4, respectively).  

Global Summary 

Dairy farm workers, as well as others who come into frequent contact with dairy cattle and their 

environment, including veterinarians and farm families, may be at increased risk for certain 

diseases and injuries. Dairy farming, and in particular animal handling and milking tasks, can be 

very physically demanding work (Douphrate 2013, Douphrate 2016). Repetitive tasks, awkward 

postures, and adverse conditions can all contribute to the development of musculoskeletal 

symptoms in farm workers (Douphrate 2016). Furthermore, farm equipment, heavy machinery, 

agricultural chemicals, and animals can all pose a risk to humans if handled inappropriately 

(Douphrate 2013). Exposure to the dairy farm environment may also increase the risk of certain 

chronic conditions, including respiratory diseases (Reynolds 2013) and certain cancers (Blair 

1995, Laakkonen 2008, Reynolds 2013). However, not all farm exposures are harmful: exposure 

to the farm environment appears to be associated with lower rates of asthma and atopy in children 

(Wlasiuk 2012, Reynolds 2013, Wells 2014); chronic endotoxin exposure may protect farmers 

against respiratory illness (Laakkonen 2008, Reynolds 2013); and overall farmers may have a 

lower cancer incidence than the general population (Laakkonen 2008). However, contact with 

cattle, their excretions, or the dairy farm environment are important risk factors for the 

transmission of a number of different zoonotic pathogens (Toth 2013, McDaniel 2014, Whitfield 

2017). 

New Zealand Summary 

In New Zealand, dairy farmers and people in frequent contact with dairy cattle and the farm 

environment may be at increased risk for certain occupational illnesses and injuries. The dairy 

industry is one of the most dangerous work sectors in New Zealand and in 2014 the sector was 

responsible for approximately 12,000 injury claims (Accident Compensation Corporation 2015). 

The most common injury claims associated with dairy farming were to the ear (e.g. hearing 

deterioration), lower back/spine, knee, finger/thumb, and shoulder (Accident Compensation 

Corporation 2015). Additionally, a series of case-control studies conducted in New Zealand in the 

1980s indicated that farmers had a significantly increased risk for malignant melanoma and 

cancer of the lip, rectum, bone, prostate, and brain (Reif 1989). Dairy farm workers, farm 

residents, veterinarians, and abattoir workers are also at increased risk for zoonotic diseases (Toth 

2013, McDaniel 2014). However, while there are a number of different risks associated with 

working or living on a farm, there may also be benefits. Several studies, including a cross-
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sectional study conducted in New Zealand (Douwes 2008), have shown a decreased prevalence of 

asthma and atopic disorders in children raised on farms.  

2.4.3 Environmental Health Impacts 

There are a number of different environmental impacts associated with dairy farming, which can 

have direct or indirect repercussions for human health and wellbeing. Generally, environmental 

changes and ecosystem damage can lead to direct health impacts (e.g. water shortages, exposure 

to pollutants), indirect ecosystem-mediated health impacts (e.g. altered infectious disease risk, 

decreased food yield, cultural impoverishment), and indirect socially-mediated health impacts 

(e.g. livelihood loss, population displacement, conflict). Impacts of environmental change can be 

displaced in time and space and may be dependent upon a number of different modifying forces 

(Aron 2001, Corvalan 2005). Generally, wealthier individuals and groups have the ability to 

distance themselves spatially and temporally from the ecological consequences of their 

consumption choices and the impacts are often shifted to resource-poor populations that are more 

vulnerable to the adverse consequences (Aron 2001, Corvalan 2005). While the links between 

environmental change and public health are therefore clearest in poor communities, wealthy 

communities cannot completely avoid the adverse impacts of environmental degradation 

(Corvalan 2005). Important direct environmental health impacts associated with dairy farming 

include air pollution, water pollution, and soil degradation, while critical ecosystem-mediated and 

indirect health impacts associated with dairy production include the loss of ecosystem services 

(i.e. the benefits obtained from the natural environment and properly functioning ecosystems – 

discussed further in the section ‘Loss of Ecosystem Services’), climate change, and biodiversity 

loss. 

Direct Environmental Health Impacts 

Air Pollution 

The global dairy sector emits a number of different air pollutants, including particulate matter, 

nitrogen oxides, volatile organic compounds, ammonia, methane, and carbon dioxide (OECD 

2004, FAO 2006, Havlikova 2008, Place 2010, Won 2017) Carbon dioxide, methane, and nitrous 

oxide also contribute to climate change (OECD 2004, FAO 2006, Havlikova 2008, Place 2010, 

Won 2017). Generally, important sources of air pollutants on dairy farms include emissions from 

animals, cropping systems, fossil energy use, feed management, and waste (Place 2010), and air 

pollutants can contribute both to environmental damage and human health outcomes, either 

directly or indirectly (Havlikova 2008). Air pollution is now the environmental health hazard with 

the largest health burden through its contribution to cardiovascular and respiratory disease 

morbidity and mortality (WHO 2017a). Outdoor air pollution has also been linked to the 
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development of various forms of cancer, including cancers of the lung, urinary tract, and bladder 

(WHO 2017a).  

Poor ambient air quality in both cities and rural areas was estimated to cause 4.2 million 

premature deaths worldwide in 2016 (WHO 2018a). These premature deaths were largely 

attributable to exposure to particulate matter smaller than 10 microns (PM10), which can cause 

cardiovascular disease, respiratory illnesses, and cancers (WHO 2018a). Particulate matter can 

harm human health even at very low concentrations (WHO 2018a) and therefore presents an 

important environmental health risk on dairy farms (Havlikova 2008, Place 2010). Particulate 

matter emissions from dairy farms can occur when cattle are moved, during tillage and harvesting 

activities for feed production, and indirectly through the formation of particulate matter 

complexes with ammonia as a precursor (Place 2010).  

Nitrogen oxides (NOx) have been associated with airway inflammation and epidemiological 

studies have reported an association between NOx and bronchitis symptoms in children diagnosed 

with asthma (WHO 2017a). Reductions in lung function have also been observed in persons 

exposed to NOx (WHO 2017a). Furthermore, NOx plays a role in the development of ozone (O3), 

which can cause serious respiratory symptoms in humans, trigger asthma and reduce lung 

function (WHO 2017a). NOx emissions are typically produced by long-term manure storage 

systems on farms and may contribute substantially to the environmental health risk associated 

with dairy production (Havlikova 2008). Volatile organic compounds (VOCs) also contribute to 

ozone formation when combined with NOx and sunlight (Place 2010). Important sources of VOCs 

on dairy farms are silage and stored manure, although recent research indicates that silage is a 

much more important source of VOCs than manure, in contrast to earlier assumptions (Place 

2010).  

Ammonia is also a serious problem for both human and animal health and can contribute to 

respiratory disease, as well as decreased livestock performance, which can indirectly impact 

human health (Place 2010). Ammonia can also contribute to the eutrophication and acidification 

of aquatic ecosystems (FAO 2006, Place 2010), as well as to the eutrophication of terrestrial 

ecosystems (Havlikova 2008). Important sources of ammonia on dairy farms include long-term 

manure storage lagoons, fresh manure deposition, and the application of manure to agricultural 

fields (Place 2010, Won 2017). However, there is significant variation in ammonia emissions 

from farm to farm depending on management practices, including cow diet, manure management 

system, method of manure application to agricultural fields (e.g. spraying or injection), and 

season (Place 2010).  
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In 2006, air pollution was estimated to be associated with 1,175 cases of premature mortality and 

607 additional hospital admissions for respiratory and cardiac illnesses in New Zealand (Kuschel 

2012). The effects were primarily associated with particulate matter, but there were also impacts 

associated with nitrogen dioxide, carbon monoxide, and volatile organic compounds (Kuschel 

2012). However, the largest sources of air pollution in New Zealand were domestic home heating 

emissions (e.g. solid fuel appliances, such as wood burners), transport emissions, and industrial 

emissions (Kuschel 2012), rather than agricultural emissions.  

Water Pollution 

Dairy cattle, and other livestock, can have a major impact on water use and availability, water 

quality, hydrology, and the health of aquatic ecosystems (FAO 2006). For example, in the United 

States, livestock production accounts for approximately 55% of soil erosion, 32% of nitrate 

loading to freshwaters, and 33% of phosphate loading to freshwaters (FAO 2006). Globally, the 

livestock sector accounts for almost 10% of anthropogenic water use, primarily for the irrigation 

of feed crops (FAO 2006). Livestock production may also be the single largest sectoral source of 

water pollution (FAO 2006). Major sources of water pollution from dairy farms include animal 

wastes, pharmaceutical residues (e.g. antibiotics, hormones), fertilisers and pesticides used for 

growing feed crops, and sediment from eroded pastures (FAO 2006). Antibiotic resistant bacteria 

and their genes can also act as environmental contaminants (Oliver 2011, Aitken 2016, Tripathi 

2017). Soil degradation is discussed in further detail below, while antimicrobial resistance is 

discussed in a separate section. 

Water scarcity is a growing issue, especially in Latin America and Sub-Saharan Africa (FAO 

2006). While water use varies by type of animal, farming system characteristics, and region,  the 

livestock production sector tends to have high water use and is contributing to water depletion 

trends globally (FAO 2006). Livestock production requires water for animals to drink as well as 

water for servicing animals (e.g. to wash animals), and in the case of industrialised farms water is 

also needed for cleaning equipment, cooling facilities, and waste disposal (FAO 2006). For dairy 

cattle, water requirements are estimated to range from 21.8 litres per animal per day to 127 litres 

per animal per day depending on the regional climate and farm type (FAO 2006). Feed production 

also requires water use and crops can deplete water through evapotranspiration (FAO 2006).  

Cattle manure and urine, as well as farm wastewater, can contain high levels of nutrients, drug 

residues, pathogens, or heavy metals that can enter waterways or accumulate in soils (FAO 2006, 

Won 2017). These pollutants can enter waterways either directly from runoff from farm buildings, 

spills or the failure of manure storage facilities, the deposition of faecal matter directly to streams, 

transport through soil layers via drainage waters on farms, or contamination can occur indirectly 



 81 

from surface runoff and overland flow from pastures or agricultural fields (FAO 2006). Livestock 

can also contribute to soil compaction, which can in turn reduce water infiltration, increase 

overland runoff, and lower groundwater tables (FAO 2006), potentially contributing to both water 

scarcity and water quality challenges.  

Nitrogen and phosphorus are critical pollutants from dairy farms to surface waters, groundwater, 

and marine waters (OECD 2004). When nitrogenous fertilisers are applied to crops, only a portion 

is taken up by plants and the rest is often transported downstream or downwind (FAO 2006). 

Manure and urine are also important sources of nitrogen emissions on dairy farms (FAO 2006). 

Excessive nitrate can pollute the environment and is a direct threat to human health (OECD 2004, 

FAO 2006). High levels of nitrate in drinking water can lead to the development of 

methaemoglobinemia in infants (Gupta 1999, FAO 2006). Nitrate toxicity has also been linked to 

abortions in pregnant women and certain forms of cancer in adults (Townsend 2003, FAO 2006, 

Johnson 2010). Specifically, elevated nitrate levels in water can lead to the formation of 

potentially carcinogenic N-nitrosamines (van Maanen 1996). In some studies, the long-term 

consumption of nitrate in drinking water has been positively associated with a higher risk for non-

Hodgkin’s lymphoma, stomach, colorectal, bladder, breast, and ovarian cancers, and thyroid 

disease (Weyer 2001, Gulis 2002, Inoue-Choi 2013, Espejo‐Herrera 2016, Jones 2016, Fachiroh 

2017, Schullehner 2018, Ward 2018), although findings over time have not been consistent. 

Phosphorus is not directly toxic to human beings, but it is often the limiting nutrient in aquatic 

ecosystems (FAO 2006) and changes in concentration can severely alter ecosystem functions.  

Cattle also excrete a number of different zoonotic pathogens that can contaminate the 

environment and cause illness in humans (FAO 2006, Cavirani 2008, McDaniel 2014). Once 

these pathogens enter the farm environment they can infect humans via a number of different 

pathways including through direct contact with manure or contaminated surfaces and inhalation of 

bioaerosols (Cavirani 2008, Toth 2013, McDaniel 2014). A number of different pathogens can 

also disperse in the environment and survive in soil or water, and ingestion or recreational contact 

with contaminated water is an important risk factor for several zoonotic diseases (Cavirani 2008, 

McDaniel 2014).  

In New Zealand, agricultural irrigation accounts for almost 50% of allocated water use, but only 

2% is used as stock drinking water (Scarsbrook 2015). The land area irrigated with consented 

water increased by approximately 82% from 1999 to 2010, with the largest increase in the 

Canterbury region (65%) (Scarsbrook 2015). However, it is currently estimated that only 65% of 

the maximum allocated water volume is actually used (Scarsbrook 2015). 
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While water scarcity does not tend to be a major concern in New Zealand, declining water quality 

has recently become an important issue, with increased public concern and political attention. 

Over the past 30 years, dairy farming in New Zealand has become increasingly intensive and over 

the same period New Zealand’s waterways have shown a range of indicators of degraded water 

quality (Larned 2004, Ballantine 2014, Scarsbrook 2015, Ministry for the Environment 2017). 

Nitrogen and phosphorus indicators commonly exceed the expected natural levels (Ballantine 

2014, Scarsbrook 2015). Furthermore a significant percentage of waterways in New Zealand 

exhibit faecal contaminants above acceptable levels for recreational contact (Scarsbrook 2015).  

Levels of nutrients, sediments, and faecal microbes are frequently elevated in catchments 

dominated by urban or agricultural land use (Larned 2004, Scarsbrook 2015, Ministry for the 

Environment 2017).  The main source of nitrogen in waterways that drain from agricultural 

catchments is urine from livestock and, since 2007, dairy cattle have also been the largest 

contributors to the total nitrogen load to land in New Zealand (Figure 18) (Scarsbrook 2015). 

 
Figure 18. Trends in nitrogen excreted load to land from all stock types in New Zealand 

from 1990 to 2011 (Scarsbrook 2015). 

However, efforts have been made to protect and improve water quality throughout the country 

and improvements in effluent management and industry-led changes to farming practices have 

been important factors (Scarsbrook 2015). There has been a significant shift in effluent 

management in New Zealand and discharge from effluent treatment ponds to waterways is no 

longer common (Scarsbrook 2015). Most farms now apply effluent to pastures (Scarsbrook 2015), 
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which can result in significant reductions in nitrogen and phosphorus loads to waterways 

(Houlbrooke 2004, Scarsbrook 2015). Moreover, deferred application of effluent to pastures 

significantly decreases faecal bacterial loads to receiving waters (Collins 2007, Scarsbrook 2015). 

An analysis of National River Water Quality Network (NRWQN) data has indicated a significant 

increasing trend for total and oxidised nitrogen and total and dissolved phosphorus concentrations 

nationally from 1989 to 2009 (Ballantine 2014, Scarsbrook 2015). Water clarity and turbidity 

exhibited improving trends over the same period (Ballantine 2014, Scarsbrook 2015). However, 

when looking at data from 2000 to 2009 in isolation, only oxidised nitrogen showed an increasing 

trend, while total and dissolved phosphorus and water clarity showed improving trends 

(Ballantine 2014, Scarsbrook 2015). The analysis also indicated widespread nitrate and faecal 

pathogen contamination, especially for shallow wells in unconfined aquifers (Scarsbrook 2015). 

The median concentration of nitrate and E. coli exceeded limits for human consumption at 5% 

and 23% of NRWQN monitored sites throughout New Zealand, respectively (Daughney 2009, 

Scarsbrook 2015). E. coli concentrations have also exceeded recommended limits for recreational 

contact at numerous marine and freshwater beaches, with 24% of 520 sites graded as poor or very 

poor (Scarsbrook 2015).  

To a limited extent, a pattern of improvements in the level of sediments and the concentration of 

phosphorus was observed in rivers in New Zealand (Scarsbrook 2015). However, lakes in New 

Zealand are increasingly eutrophic, especially in agricultural catchments (Verburg 2010, 

Scarsbrook 2015). Furthermore, oxidised nitrogen loads have continued to increase and there are 

significant trends in nitrate levels at around one third of monitoring sites (Daughney 2009, 

Scarsbrook 2015). Scarsbrook et al. (2015) stated that “the observed trends in river contaminant 

levels are consistent with observed change in the scale and intensity of agricultural land use 

across New Zealand.”  

More recently, the Ministry for the Environment reported that nitrate-nitrogen concentrations 

were worsening (55%) at more river monitoring sites than improving (25%) through 2013 

(Ministry for the Environment 2017). Dissolved reactive phosphorus levels were improving 

(42%) at more river monitoring sites than worsening (25%) (Ministry for the Environment 2017), 

in line with previous observations. The Ministry for the Environment also reported that E. coli 

concentrations continued to affect the safety of swimming in some rivers, although there was 

insufficient data to determine trends at most monitoring sites (Ministry for the Environment 

2017). Overall, water quality tends to be poorer at monitoring sites where upstream land cover is 

predominantly urban or pastoral than at sites where native land cover is dominant (Ministry for 

the Environment 2017). Specifically, urban and pastoral sites tend to have higher nutrient and E. 
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coli concentrations, as well as lower visual clarity and macroinvertebrate community scores 

(Ministry for the Environment 2017). 

Other studies have also noted a potential relationship between areas with intensive agricultural 

land use and degraded water quality. In 2016, the Cawthron Institute issued a report on several 

analyses undertaken to assess the safety of New Zealand’s freshwaters for recreational use 

(Snelder 2016). Specifically, the strategic assessment examined E. coli concentrations in rivers 

and planktonic cyanobacterial biovolume in lakes (Snelder 2016). The analysis of E. coli 

concentrations in rivers indicated that exceedances of E. coli thresholds can occur at any time of 

the year, but are more frequent in autumn (March-May) and spring (October-November) in low 

elevation rivers (Snelder 2016). The authors observed that rivers with catchments in low elevation 

areas that had higher E. coli concentrations and indicator variables tended to coincide with land 

used for intensive agriculture or urban centres (Snelder 2016). With regard to the analysis of 

lakes, model predictions showed high levels of chlorophyll a, total nitrogen, total phosphorus, and 

higher values for trophic level index, along with lower Secchi depth values for low elevation 

coastal areas and for inland areas dominated by agricultural land use (Snelder 2016).  Generally, 

eutrophic lakes pose the highest risk to human health and a number of bloom forming 

cyanobacterial species in New Zealand are known to produce toxins (e.g. Cylindrospermopsis, 

Anabaena, Aphanizomenon, Microcystis) (Snelder 2016).  

Zoonotic enteric diseases are also of concern in New Zealand (2.4.1), where disease rates are 

among the highest for any industrialised nation (Snel 2009a, Lal 2015c). The most commonly 

reported causal agents for waterborne outbreaks in New Zealand in 2016 were Giardia spp. 

(35.7%, 5/14 outbreaks), Cryptosporidium spp. (21.4%, 3/14 outbreaks), and Shiga toxin-

producing E. coli (STEC) infection (21.4%, 3/14 outbreaks) (ESR 2018). However, the largest 

proportion of cases linked to waterborne outbreaks was attributed to Campylobacter spp. due to a 

large outbreak in Havelock North in August 2016 (ESR 2018). In the same year, 68 

environmental outbreaks were reported with 1842 associated cases (ESR 2018). Giardia spp. 

were the second most commonly identified causal agents (14.7%, 10/68 outbreaks), after 

norovirus (ESR 2018). 

Soil Degradation 

Livestock production is the largest anthropogenic use of land and the total area occupied by 

grazing totals more than a quarter of the ice-free terrestrial surface of the Earth (FAO 2006). 

Globally, the livestock sector has caused substantial degradation of land and soils (FAO 2006). 

Consequences of the misuse of soil resources include accelerated erosion, desertification, 

salinisation, acidification, compaction, biodiversity loss, nutrient depletion, and loss of soil 
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organic matter (Sanderman 2017). Furthermore, soil health is both directly and indirectly linked 

to human health through food production and security, food nutritional quality, food safety, soil 

and water interactions, water filtration, environmental exposure to chemicals and pathogens, and 

airborne dust formation (Brevik 2015, Nieder 2018).  

Humans rely on fertile soils to feed an ever-growing population, but soil erosion is occurring 

faster than soil replenishment, reducing soil fertility (Horrigan 2002). It takes between 20 to 1,000 

years for a centimetre of soil to form, but wind and water alone erode at least 1% of topsoil 

globally each year (Horrigan 2002). Industrial agriculture poses a serious threat to soil health 

through erosion and overgrazing (Horrigan 2002). The use of heavy machinery can compact soil, 

disrupting the soil food web, causing declines in beneficial soil organisms, and altering soil 

structure (Horrigan 2002). Feedlot cattle and other forms of industrial animal agriculture can also 

contribute to the destruction of topsoil because growing grain for the industry requires substantial 

land (Horrigan 2002). Additionally when cattle are heavily grazed they can cause soil erosion, 

pugging, and compaction (Horrigan 2002).  

Other factors affecting soil fertility, such as soil organic carbon, have also been impacted by 

agricultural land use. In total, agricultural land use and land use change has resulted in a global 

loss of approximately 133 Petagrams of carbon from the top two metres of the planet’s soils, 

representing an 8.1% mean soil organic carbon loss (Sanderman 2017). The largest soil organic 

carbon losses have coincided with cropping regions and grazing on unmanaged, arid or semi-arid 

rangeland (Sanderman 2017). 

However, livestock production can positively impact soil health. Free-ranging cattle, when grazed 

sustainably, can support biodiversity (Horrigan 2002). The United States Department of 

Agriculture’s Agricultural Research Service found that moderately grazed land (one cow per 16 

acres) had higher biodiversity than both ungrazed and heavily grazed lands (Hart 1999, Horrigan 

2002). Additionally, livestock have often played an important role in the recycling of nutrients 

and the conditioning of soil through the deposition of manure (Horrigan 2002). However, 

industrial animal production systems tend to output manure at a higher rate than local croplands 

can absorb it (Horrigan 2002). 

In New Zealand, national soil assessments have found that approximately 70% of monitored sites 

did not meet at least one soil quality target (e.g. measures of organic matter, fertility, acidity, and 

physical condition) (Sparling 2004, Foote 2015). In general, compaction, excess nutrients, and 

depleted organic matter were the primary concerns for soil quality nationally and areas with 

pastoral land use and dairy farming had the lowest proportion of sites that met soil quality targets 

(Sparling 2004, Foote 2015). At sites characterised by dairy farming land use, compaction may be 
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the most significant issue (Foote 2015). Approximately half of such sites failed to meet 

macroporosity targets (measure of compaction) (Sparling 2004, Foote 2015). 

Ecosystem-Mediated and Indirect Environmental Health Impacts 

Potential Indirect Health Impacts of Agricultural Development 

The causal links between environmental changes and human health are often indirect and 

complex (Corvalan 2005, Ingram 2012). Many of the causal links are also complicated by the 

displacement of impacts in space and time (Corvalan 2005). For example, climate change can 

stress agricultural production, often in different regions of the world than from where the 

emissions originated, which can in turn lead to malnutrition, increased susceptibility to infectious 

disease, and other health issues. This section explores a range of indirect environmental health 

risks associated with dairy production, including the loss of ecosystem services, climate change, 

and loss of biodiversity.   

Loss of Ecosystem Services 

Ecosystem services can be defined as “the conditions and processes through which ecosystems, 

and their biodiversity, sustain and fulfil … life (Ingram 2012, pg. 232)”  and they are often 

classified into provisioning services, such as food, water, materials, and fuels; regulating services, 

including climate and flood control, water purification, and disease regulation; supporting 

services, such as nutrient cycling and crop pollination; and cultural services that provide non-

material benefits, including cultural, spiritual, educational, aesthetic, and recreational experiences 

(Figure 19) (Reid 2005, Falkenmark 2007, Ingram 2012).  
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Figure 19. Categories of ecosystem service. Depicts the strength of linkages between 
commonly-encountered categories of ecosystem services and components of human 

wellbeing and includes indications of the extent to which it is possible for socioeconomic 
factors to mediate the linkage. The strength of the linkage and the potential for mediation 

differ in different ecosystems and regions (Corvalan 2005).  

Environmental Changes and Ecosystem Impairment Associated with Land Use Change 

Land use change is the primary driving force of global ecosystem degradation (Patz 2008, Wu 

2008). Land use change in tandem with global climate change can directly endanger human health 

and wellbeing or can indirectly influence human health by producing vulnerabilities that result 

from the degradation of ecosystem services (Myers 2009). However, ecosystem changes and 

health impacts do not usually occur uniformly across the landscape, and because of this they may 

serve to magnify inequalities with regard to access to ecosystem services, potentially contributing 

to poverty and socioeconomic disparities (Corvalan 2005). The disruption of critical ecosystem 

processes can often lead to the loss of ecosystem services (Falkenmark 2007). In poorer regions of 

the world, the loss of ecosystem services can give rise to increased poverty, increased social 

inequality, and decreased food security, which can then increase pressure on ecosystems as people 

are forced to rely more heavily on the land to survive (Falkenmark 2007). This can create a 

devastating and mutually reinforcing feedback cycle of increased environmental degradation and 

increased poverty (Falkenmark 2007). 
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Under certain circumstances, agricultural development can substantially modify landscapes, alter 

ecosystem function, and limit ecosystem services (Corvalan 2005, Falkenmark 2007). 

Agricultural development and different practices can lead to increased soil erosion or compaction, 

lower soil fertility, wetland drainage, irrigation withdrawals and diversions, degraded water 

quality and air quality, contribution to global climate change, and reductions in biodiversity, 

species density, and habitat (FAO 2003, Wu 2008). Aquatic ecosystems are particularly 

vulnerable to agricultural land use change and agricultural practices and waste management 

contribute to water pollution in freshwater and coastal ecosystems (Falkenmark 2007, Wu 2008). 

Additionally, the conversion of wetlands to crop production and irrigation water withdrawals and 

diversions can severely impact wildlife and biodiversity, as well as human populations located 

downstream (FAO 2003, Wu 2008). However, agricultural development, when carefully planned 

and implemented, can provide environmental services, such as the maintenance of rural 

landscapes, carbon sequestration, and water storage and purification (FAO 2003). 

Causal links between ecosystem changes and human health tend to be difficult to quantify (Myers 

2009). This is due, in part, to the fact that a number of mitigating factors (e.g. local public health 

infrastructure, access to global markets) tend to insulate human populations from the impacts of 

the loss of ecosystem services that are relevant to health (Myers 2009). However, the following 

sections attempt to briefly review a number of links between agricultural development, the loss of 

ecosystem services, and human health and wellbeing. Primarily global impacts are discussed, but 

where possible New Zealand specific impacts are included as well. Links are presented by 

categories of ecosystem services: provisioning, regulating, supporting, and cultural.  

2.4.3..2.1 Provisioning Services 

2.4.3..2.1.1 Provision of Food 

Agricultural development can benefit human health by increasing food availability and security, 

and improving overall nutrition, particularly in lower income nations (Townsend 2003, Sanchez 

2005, Johnson 2010). Dairy cattle can provide milk and dairy products that are an important 

source of protein, vitamins, and minerals (Kliem 2011, Pereira 2014, Hess 2016). Dairy cattle are 

also an important source of meat (FAO 2017a). However, the production of animal-based foods, 

including dairy products, can contribute to food distribution inequality and unbalanced diets 

(Townsend 2003). The global distribution of food is uneven and the world faces the double 

burden of malnutrition, in which undernutrition coexists with overweight or obesity-related health 

concerns (WHO 2018c). Undernutrition and hunger are now primarily caused by inequitable food 

distribution, rather than by inadequate global production (Smil 2000, Townsend 2003). This is in 

part due to the fact that in many regions with intensifying agricultural systems, many of the crops 

produced, typically using large quantities of nitrogenous fertilisers, are used as supplemental 
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livestock feeds (Townsend 2003, FAO 2006). For example, many intensive dairy farms rely on 

supplemental feeds, such as maize in the US (FAO 2006) and palm kernel expeller in New 

Zealand (Foote 2015), in addition to, or in place of, grazing. 

The trend in the use of grain crops for animal feed can lead to nitrogen losses to the environment 

(Townsend 2003). Globally, 33% of arable land is used for feed crops (FAO 2006). However, the 

proportion of global arable land used specifically for feed crops for dairy production is unknown, 

although some regional estimates of feed crop use by different livestock sectors have been made. 

For example, in the European Union (EU) more arable land is allocated to feed crops for dairy 

production than for beef, pork, or poultry production systems (Lesschen 2011) and in 2010 dairy 

cattle used 29% of total feed by dry mass, while other cattle used 34%, pigs 17%, chicken 9%, 

sheep and goats 8%, and other animals 3% (Hou 2016). However, substantial differences in 

estimated feed use, as well as vast differences in estimated nitrogen losses, between countries 

were reported (Hou 2016). Additionally, each livestock production system uses different feed 

inputs which affect the estimated share of feed trade per sector and the geographical patterns of 

nitrogen losses (Chatzimpiros 2013). Therefore, generalisations about feed use by different 

livestock sectors should be made with caution.    

Due to uncertainty surrounding feed crop use, it is difficult to estimate the proportion of total 

nitrogen losses from feed crops specifically attributable to dairy production as opposed to other 

livestock sectors. However, several studies have attempted to estimate nitrogen losses from feed 

crops by livestock sector at the national level. For example, a study conducted in France estimated 

that dairy production in the country used 2.3 kilograms of nitrogen per capita per year (kg 

N/cap/yr), of which 48% was nitrogen that was not recovered in animal biomass or exported as 

manure or slaughter waste (Chatzimpiros 2013). Only 11% was recovered in retail dairy products 

and approximately 35% was returned to agricultural production as manure (Chatzimpiros 2013). 

Beef and pork production used 11.1 and 7.5 kg N/cap/yr, respectively, of which 35% and 53% 

was nitrogen that was not recovered in retail products or exported as manure or slaughter waste 

(Chatzimpiros 2013). Overall, crop cultivation for livestock feed was the primary cause of total 

nitrogen loss for dairy, beef, and pork production, contributing to more than 75% of losses for 

each sector (Chatzimpiros 2013). These estimates were comparable to nitrogen loss factors 

calculated for US livestock production systems (Leach 2012) and similar nitrogen losses may be 

expected in other temperate countries with industrialised agricultural sectors. However, nitrogen 

losses may exhibit considerable geographic variation due to different farm management practices 

and nitrogen use efficiencies. 

Nitrogen losses can result in the degradation of both aquatic and terrestrial ecosystems, which can 

in turn lead to food supply losses (Townsend 2003). For example, the loss of reactive nitrogen to 
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waterways can drive the eutrophication of marine coastal waters, contribute to harmful algal 

blooms and fish kills, and cause environmental degradation that can harm shellfish and fisheries 

(Townsend 2003). Nitrogen losses to the atmosphere can also lead to high tropospheric ozone 

levels and may cause extensive crop damage (Chameides 1994, Townsend 2003). Diet 

deficiencies from loss of provisioning services can then lead to physical and developmental 

problems in children (Corvalan 2005). 

2.4.3..2.1.2 Provision of Freshwater 

Numerous aspects of the hydrological cycle are regulated by the natural functions of ecosystems 

(Corvalan 2005). Freshwater is essential for human health and agricultural development, 

including dairy farming, and can influence or interfere with the hydrological cycle in a variety of 

ways (Corvalan 2005, FAO 2006, Falkenmark 2007). Irrigated agriculture and livestock 

production require increasing volumes of water (Corvalan 2005, FAO 2006, Falkenmark 2007). 

For example, dairy production requires substantial quantities of freshwater, both for drinking and 

for servicing (FAO 2006). Lactating cows require considerably more drinking water each day 

than goats, sheep, camel, chickens, or swine (FAO 2006). Additionally, only industrial swine 

production requires more water per animal per day for servicing than industrial dairy production 

(FAO 2006). However, dairy cattle that are grazed extensively require less than a quarter of the 

water for servicing that dairy cattle in industrial systems require (FAO 2006). Water withdrawals 

or diversions may impact the availability of water, not just for use in agricultural systems, but also 

for communities and natural ecosystems downstream (FAO 2003, Wu 2008). 

2.4.3..2.2 Regulating Services 

2.4.3..2.2.1 Regulation of Infectious Disease 

Anthropogenically driven land use changes are the primary drivers of the emergence of an array 

of infectious diseases (Patz 2000, Patz 2004). More than 75% of emerging human diseases are 

zoonotic and are linked to either wildlife or domestic animals (Taylor 2001). While the reasons 

for the emergence or re-emergence of certain infectious diseases are not clear, the biological 

mechanisms that alter the incidence of many infectious diseases are well known: (i) altered habitat 

leading to changes in the number of vector breeding sites or reservoir host distribution; (ii) niche 

invasions or transfer of interspecies hosts; (iii) biodiversity change, including the loss of predator 

species and changes in host population density; (iv) human-induced genetic changes in disease 

vectors of pathogens; and (v) environmental contamination by infectious disease agents (Corvalan 

2005).  

Patterns of infectious disease transmission are often influenced by environmental or climatic 

factors, which can alter the spread of infectious agents between humans, the dissemination of 
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agents, as well as the activity of vector organisms (Corvalan 2005). The anthropogenic alteration 

of ecosystems and environmental conditions can change the natural influence of environmental or 

climatic factors on the range and activity of infectious agents (Corvalan 2005). However, the 

direction and extent of change in the incidence of a given infectious disease can vary considerably 

depending upon the type of ecosystem affected, the type of land use change, and disease-specific 

transmission dynamics, as well as sociocultural changes and the vulnerability of human 

populations (Corvalan 2005). For example, poverty and human migration can exacerbate the 

emergence or re-emergence of infectious diseases (Patz 2004, Foley 2005). Not all ecosystem 

change will lead to an increase in infectious disease incidence; ecosystems can be a source of 

infectious agents and the alteration of an ecosystem can, in some cases, reduce the incidence of 

disease in an area (Patz 2005). Ecosystem modification has frequently been used as a tool to 

control disease vectors (Patz 2005). Nevertheless, on balance, the current scale of ecosystem 

alteration may lead to the emergence or re-emergence of infectious diseases (Patz 2005).  

Together, land use change and global climate change can significantly alter temperature, 

precipitation, biogeochemical cycles, nutrient concentrations, water chemistry, and exposure to 

sunlight (Myers 2009). These ecosystem alterations can then impact pathogen, vector, or host 

density, genetics, life cycles, or exposure pathways (Myers 2009). Infectious disease risks are  

also strongly affected by destruction or encroachment into wildlife habitat, especially through 

logging and road construction; changes in the distribution and availability of surface waters (e.g. 

through dam construction, irrigation systems, and stream diversions); and agricultural land use 

changes, including the proliferation of livestock and crops (Corvalan 2005). Habitat alteration can 

be a particularly important driver of the emergence or re-emergence of vector-borne or zoonotic 

diseases, as it can result in changes to vector breeding sites or to reservoir host spatial distribution 

(Corvalan 2005, Patz 2008).  

Agricultural land use change can also increase connectivity with certain wildlife species, both 

between humans and wildlife, and between domestic animals and wildlife. This increased 

interconnectivity can influence the emergence and spread of zoonotic pathogens (Corvalan 2005). 

Additionally, the genetic resistance of vectors and pathogens to pesticides and antimicrobials used 

in agricultural systems can drive infectious disease (Corvalan 2005). However, agricultural 

development and land use change does not always lead to an increase in the incidence of 

infectious diseases. A systematic review of anthropogenic land use changes and infectious 

diseases that included 305 articles, most of which were observational studies, found that 59.3% of 

studies documented an increase in pathogen transmission associated with land use change, while 

30.4% of studies found a variable response, 10.4% saw a decrease, and 2.4% documented no 

change in pathogen transmission related to land use change (Gottdenker 2014). Generally, the 
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diseases that are most sensitive to environmental factors such as land use change and climate 

change are those that are indirectly transmitted (e.g. waterborne or foodborne diseases) or those 

that have an intermediate host or vector as part of their life cycle (Patz 2008). 

In New Zealand, agricultural land use and climate variability are associated with the incidence of 

enteric zoonoses, although disease incidence is also strongly influenced by social and 

demographic factors (Lal 2015c). A systematic review of the evidence suggested that projected 

increases in temperature and rainfall extremes in New Zealand could lead to increased risk for 

enteric zoonoses (Lal 2015c). Specifically, the review indicated that there were positive 

associations between campylobacteriosis and salmonellosis and temperature, and between 

cryptosporidiosis and giardiasis and rainfall in New Zealand (Lal 2015c). The review also 

suggested that rural populations in dairy farming regions may experience an increased enteric 

disease burden as a result of agricultural intensification (Lal 2015c). 

2.4.3..2.2.2 Climate Regulation 

Case studies suggest that land use change and environmental degradation have reduced the 

capacity of certain ecosystems to buffer against extreme climatic conditions (Corvalan 2005). All 

ecosystem services are sensitive to climatic conditions and will be impacted by anthropogenic 

climate change (Corvalan 2005). Therefore, as ecosystems lose the capacity to buffer against 

extreme conditions, additional ecosystem services will be lost, which will in turn impact human 

health and wellbeing. The contribution of the dairy sector to global climate change and the 

potential human health impacts associated with climate change are discussed in further detail in 

the section titled ‘Climate Change’, below.  

2.4.3..2.3 Supporting Services 

2.4.3..2.3.1 Nutrient Management 

Ecosystems play a key role in the cycling and distribution of nutrients (Corvalan 2005). Nutrient 

cycling is a fundamental service that underpins the life and health of organisms on Earth 

(Corvalan 2005). The production and improper management of manure and waste from livestock 

systems can lead to excessive nutrient leaching (OECD 2004, FAO 2006). Additionally, the 

application of nitrogenous and phosphatic fertilisers in agricultural systems has increased 

substantially in recent decades, both globally (FAO 2006, Falkenmark 2007) and in New Zealand 

(Foote 2015). The flux of reactive nitrogen to the oceans increased by approximately 80% from 

1860 to 1990, and the application of phosphorus has increased three-fold since 1960 (Falkenmark 

2007). Agricultural nutrient and waste management can both directly and indirectly impact human 

health (Townsend 2003), although it is difficult to determine the extent to which dairy production 
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is responsible for health hazards as compared with other livestock sectors. The potential indirect 

impacts associated with nutrient loading are briefly reviewed here.  

The disruption of nutrient cycling is closely linked to the loss of provisioning services. 

Disruptions in nutrient cycles can decrease soil fertility, reduce crop yields, and impair household 

nutritional status (Corvalan 2005). Excess nutrient loading can also stimulate the eutrophication 

of aquatic ecosystems and may be indirectly harmful to human health (Townsend 2003, OECD 

2004, FAO 2006, Johnson 2010). Eutrophication can lead to the depletion of oxygen in waters, 

shifts in wildlife habitat characteristics, and changes in species distribution and composition 

(FAO 2006, Won 2017). Nutrient concentration and eutrophication have been linked to an 

increase in harmful algal blooms (Burkholder 1998, Anderson 2008, Heisler 2008, Gobler 2012) 

and to cholera outbreaks (Epstein 1993, Colwell 2001, Cottingham 2003, Johnson 2010). The 

degradation of aquatic ecosystems can in turn impact the availability and safety of fish and 

shellfish for human consumption (Townsend 2003). 

2.4.3..2.3.2 Harmful Algal Blooms in New Zealand 

Nutrient loading and eutrophication can lead to harmful algal blooms in freshwater ecosystems, 

such as rivers and lakes, as well as in marine ecosystems (Townsend 2003, Johnson 2010). 

Harmful algal blooms are a concern for humans and animals that ingest contaminated water, 

inhale aerosolised toxins, or consume contaminated fish or shellfish (Townsend 2003, Johnson 

2010). In New Zealand, toxic cyanobacteria are a concern in freshwater ecosystems and several 

different genera have been reported in rivers and lakes throughout the country (Table 1) (Heath 

2010, McAllister 2016). A number of dog poisonings and deaths have been reported in the past 

couple of decades (Wood 2007, McAllister 2016) and while no human fatalities have been 

reported, outbreaks of human poisonings following exposure to contaminated drinking water or 

recreational water is a concern (Ministry of Health 2017b). 

 

 

 

 



 94 

Table 1. Cyanobacteria genera known occur in New Zealand fresh waters and toxins they 
are known to produce Adapted from Ministry of Health (2017b), Zanchett (2013), (Drobac 

2013), and Mankiewicz (2003). 

Genera Cyanotoxin(s) produced Human health 
implications 

Anabaena Anatoxin-a, anatoxin-a(S), 
lipopolysaccharides (LPS), microcystins, 
saxitoxins, cylindrospermopsin 

Hepatotoxic1, neurotoxic2, 
dermatotoxic3, cytotoxic4 

Anabaenopsis Microcystins  Hepatotoxic  
Aphanocapsa Microcystins  Hepatotoxic  
Aphanizomenon Anatoxin-a, cylindrospermopsin, LPS, 

saxitoxins, microcystins 
Hepatotoxic, neurotoxic, 
dermatotoxic, cytotoxic 

Arthrospira Microcystins  Hepatotoxic  
Cylindrospermum Cylindrospermopsin, LPS Hepatotoxic, 

dermatotoxic, cytotoxic 
Cylindrospermopsis Cylindrospermopsin, saxitoxins Hepatotoxic, neurotoxic, 

cytotoxic 
Lyngbya Aplysiatoxins, antillatoxins, kalkitoxin, 

lyngbyatoxin-a, saxitoxins 
Neurotoxic, dermatotoxic, 
cytotoxic 

Microcystis Anatoxin-a, cylindrospermopsin, 
microcystins, LPS, saxitoxins 

Hepatotoxic, neurotoxic, 
dermatotoxic, cytotoxic 

Nodularia Nodularin  Hepatotoxic  
Nostoc Microcystins, BMAA (beta-

methylamino-L-alanine) 
Hepatotoxic  

Oscillatoria Anatoxin-a, aplysiatoxins, LPS, 
microcystins, anatoxin-a(S) 

Hepatotoxic, neurotoxic, 
dermatotoxic, cytotoxic 

Phormidium Microcystins, homoanatoxin-a, anatoxin-
a and other toxins 

Hepatotoxic, neurotoxic 

Planktothrix Microcystins, homoanatoxin-a, anatoxin-
a, aplysiatoxins, saxitoxins 

Hepatotoxic, neurotoxic, 
dermatotoxic, cytotoxic 

Pseudanabaena Microcystins  Hepatotoxic  
Raphidiopsis Cylindrospermopsin, anatoxin-a, 

homoanatoxin-a, microcystins 
Hepatotoxic, neurotoxic, 
cytotoxic 

Snowella Microcystins  Hepatotoxic  
1Hepatotoxins primarily damage the liver, but can also affect the kidneys, spleen, heart, and other 
organs (Humpage 2003, Zanchett 2013)  
2Neurotoxins interfere with the neuromuscular system and may cause paralysis of the respiratory 
muscles and  respiratory failure (Mankiewicz 2003, Zanchett 2013) 
3Dermatotoxins can cause contact dermatitis, as well as oral or gastrointestinal inflammation  in humans 
(Mankiewicz 2003, Zanchett 2013)  
4Cytotoxins cause cell death; initial clinical symptoms may include kidney and liver failure; can also 
cause widespread organ damage (Chorus 2000, Mankiewicz 2003, Drobac 2013) 

In New Zealand, a number of different algal species are monitored in marine and coastal waters 

(Table 2) (Rhodes 2001). Typically, seasonal blooms in New Zealand feature diatoms in the early 

spring, followed by dinoflagellates in summer, with additional late diatom blooms in the autumn 

(Rhodes 2001). Additionally, El Niño climate events are often linked to major anomalous algal 

bloom events (Rhodes 2001).  
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Table 2. Potential biotoxin producers monitored in New Zealand marine waters         
(Rhodes 2001). 

Microalga Toxin(s) produced Human Health 

Implication 

Alexandrium catenella,  
A. minutum complex,  
A. ostenfeldii,  
A. tamarense 
 

Saxitoxins; gonyautoxins Paralytic shellfish 
poisoning 

Chattonella antiqua,  
C. marina 
 

Breve-like Neurotoxic shellfish 
poisoning 

Coolia monotis 
 

Uncertain Uncertain 

Dinophysis acuta,  

D. acuminate 
 

Okadaic acid; dinophysis 
toxin 2 (DTX2); 
pectenotoxin 2 

Diarrhetic shellfish 
poisoning 

Fibrocapsa japonica 

 

Ichthyotoxic (?) None 

G. mikimotoi complex 
 

Breve-like Neurotoxic shellfish 
poisoning, respiratory 
distress 

Gyrodinium galatheanum 
 

Breve-like Neurotoxic shellfish 
poisoning 

Heterosigma akashiwo 

 

Ichthyotoxic Associated with 
change in taste 

Ostreopsis siamensis 
 

Uncertain Uncertain 

Prorocentrum lima 
 

Okadaic acid; DTX1,4; diol 
esters 

Diarrhetic shellfish 
poisoning 

Protoceratium reticulatum 

 

Yessotoxin Uncertain 

Pseudo-nitzschia australis,  
P. delicatissima,  
P. fraudulenta,  

P. multiseries,  
P. pseudodelicatissima,  
P. pungens,  

P. turgidula 

Domoic acid Amnesic shellfish 
poisoning 

Several harmful algal blooms in marine waters have impacted the health of humans visiting 

affected beaches in New Zealand. For example, Gymnodinium spp. blooms in 1992 and 1998 

caused respiratory distress in some beach visitors (Rhodes 2001). Outbreaks of shellfish 

poisoning have also been reported in New Zealand. In December 2012, at least 20 people became 

ill with paralytic shellfish poisoning after consuming surf clams (tuatua) collected by recreational 

gatherers from Bay of Plenty beaches (MacKenzie 2014). Seventeen people were hospitalised and 

at least two serious cases required treatment in an intensive care unit for several days in what was 

considered one of the most serious paralytic shellfish poisoning events in New Zealand 

(MacKenzie 2014). 
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Additionally, harmful algal blooms can negatively impact fisheries and may have serious 

economic implications for the mariculture sector (Chang 1990, Rhodes 2001). For example, in 

January of 1989, a Heterosigma bloom in Big Glory Bay on Stewart Island led to the death of a 

large number of cage-reared salmon (Chang 1990). At the time, there were seven salmon farms 

within the bay and the expected annual production was 1500 tonnes (Chang 1990). However, the 

algal bloom was linked to the loss of approximately 600 tonnes of salmon, worth an estimated 

NZ$17 million (Chang 1990). More recent blooms have also led to mass mortality in shellfish, 

shrimp, and finfish, as well as the contamination of seafood intended for human consumption 

(Rhodes 2001). In 2000 and 2001, a large bloom of Gymnodinium catenatum led to the 

widespread contamination of shellfish along a substantial portion of coastline around the North 

Island (MacKenzie 2014). This event was one of the most extensive and economically harmful 

blooms documented in New Zealand (MacKenzie 2014). While many of the main commercial 

shellfish growing areas (e.g. Marlborough Sounds, Coromandel) were not directly affected, the 

bloom led to prohibitions on the movement of juvenile shellfish and this limited seed sourcing for 

the oyster and mussel industries, resulting in shortages that influenced production in subsequent 

years (MacKenzie 2014).  

2.4.3..2.3.3 Contribution of nutrient loading to health risks 

Sustained increases in nutrient loading of ecosystems from agricultural development, including 

dairy production, and other human activities is contributing to environmental deterioration and 

creating human health risks (Corvalan 2005). Excess nutrient loading may indirectly contribute to 

increases in both non communicable and communicable diseases (Townsend 2003, Johnson 

2010).  

There are a number of different ways that excess nitrogen or phosphorus availability in the air and 

water, due to agricultural activities, can contribute to the incidence of respiratory diseases, 

cardiovascular disease, and certain cancers (Townsend 2003, Johnson 2010). Nitrogen oxide 

(NOx) emissions from fossil fuel combustion and fertiliser use can lead to the formation of ozone 

(also see section ‘Air Pollution’), which has been associated with reactive airways disease, 

asthma, respiratory tract inflammation, decreased lung function, and the aggravation of chronic 

respiratory diseases (Von Mutius 2000, Townsend 2003). Additionally, exposure to NOx may 

worsen or lengthen the duration of certain viral infections, such as human rhinovirus (Spannhake 

2002, Townsend 2003). Reactive nitrogen can also serve as an important driver of particulate air 

pollution globally (Townsend 2003). Positive correlations between particulate matter and 

cardiovascular disease, respiratory disease, asthma, reduced lung function and overall mortality 

have been found in a number of studies (Pope 2002, Townsend 2003).  Finally, excess soil 
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nitrogen can stimulate higher pollen production in some plant species, such as ragweed, and can 

therefore contribute to an increase in human allergenic responses to pollen (Townsend 2003). 

Environmental nitrogen and phosphorus loading can also influence the abundance and distribution 

of infectious disease vectors, like mosquitoes (Townsend 2003, Johnson 2010). Nutrient 

availability can impact vectors through the modification of their habitat or food sources 

(Townsend 2003). For example, some studies have found positive correlations between inorganic 

nitrogen levels and larval abundance for mosquitos that are carriers for malaria (Rejmánkova 

1991, Teng 1998), La Crosse encephalitis, Japanese encephalitis, and West Nile Virus (Walker 

1991, Sunish 2001, Townsend 2003). Nutrient enrichment also plays a complex role in the 

emergence or re-emergence of infectious disease in both humans and animals. Specifically, 

environmental nutrient enrichment can increase pathogen and parasite abundance (Lafferty 1997, 

Lafferty 2003, McKenzie 2007, Johnson 2010).  

2.4.3..2.4 Cultural Services 

There are a number of nonmaterial benefits that people and communities can gain from 

ecosystems (Corvalan 2005, Sandifer 2015). Healthy ecosystems provide space for recreation, 

physical activity, tourism, aesthetic appreciation, inspiration, and educational opportunities 

(Corvalan 2005, Sandifer 2015). These services can boost mental and physical health and enhance 

social and cultural ties (Corvalan 2005, Sandifer 2015). While these benefits may be difficult to 

quantify, evidence suggests that people and communities highly value the cultural services that 

ecosystems provide (Corvalan 2005, Pröbstl-Haider 2015). Therefore, the loss of natural 

resources and ecosystem cultural services may negatively impact human health and wellbeing 

(Corvalan 2005). 
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The culture of the indigenous Māori people of Aotearoa New Zealand is intrinsically linked to the 

natural environment. Māori spiritual beliefs are interwoven with rituals and legends that venerate 

different aspects of the natural world (Iorns Magallanes 2015, McNeill 2017). A Waitangi 

Tribunal Report describes the link: 

“The environment… cannot be viewed in isolation. There is an old 
saying: ‘Kei raro i ngā tarutaru, ko ngā tuhinga o ngā tūpuna’ (beneath 
the herbs and plants are the writings of the ancestors). Mātauranga 
Māori [Māori traditional knowledge] is present in the environment: in 
the names imprinted on it; and in the ancestors and events those names 
invoke. The mauri [spirit or life-force] in land, water, and other 
resources, and the whakapapa [genealogy] of species, are the building 
blocks of an entire world view and of Māori identity itself. The 
protection of the environment, the exercise of kaitiakitanga 
[guardianship], and the preservation of mātauranga [knowledge] in 
relation to the environment are all inseparable from the protection of 
Māori culture itself (Waitangi Tribunal 2011, pg. 237).”  

Furthermore, there is a strong tradition of participation in outdoor recreation and cultural activities 

throughout New Zealand. In a survey conducted in 2016, 78% of adult New Zealanders reported 

participating in at least one cultural activity in the previous four weeks, while 79% reported 

participating in at least one recreational activity over the same period (Statistics New Zealand 

2018b). In total, over 94% of New Zealanders participated either actively or passively in at least 

one cultural or recreational activity in the previous four weeks (Statistics New Zealand 2018b). 

Climate Change 

Important greenhouse gas (GHG) emissions associated with dairy farming include methane 

(CH4), nitrous oxide (N2O), and carbon dioxide (CO2) (Table 3) (OECD 2004, FAO 2006, FAO 

2010a, Place 2010, Won 2017). Modern farms emit CO2 largely from fossil fuel combustion for 

on-farm processes, transportation, and electricity generation (FAO 2010a, Place 2010). Livestock 

production also contributes indirectly to CO2 emissions through the burning of fossil fuels to 

produce fertilisers, land use change for feed production and grazing, and land degradation (FAO 

2006, FAO 2010a). However, the dairy sector’s contribution to climate change is dominated by 

CH4 and N2O from enteric fermentation and manure management, including the anaerobic 

decomposition of manure, application or deposition of manure, and indirect manure emissions 

(FAO 2006).  
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Table 3. Composition of GHG emissions from the dairy sector. Adapted from FAO (2010). 

Greenhouse 
gas 

Contribution to emissions 
in high income regions (% 

CO2-eq/kg FPCM) 

Contribution to emissions 
in low income regions  (% 

CO2-eq/kg FPCM) 

CH4 52% 52% 
N2O 27% 38% 
CO2 21% 10% 

CO2-eq = carbon dioxide equivalents 
FPCM = fat and protein corrected milk 

The 100-year global warming potential (i.e. the ability of a GHG to trap extra heat in the 

atmosphere over time relative to CO2) of CH4 and N2O are more than 20 and 300 times greater 

than that of CO2, respectively (IPCC 2007, Place 2010). By definition, the global warming 

potential of CO2 is one regardless of the time period used, however it is estimated that if 

atmospheric CO2 were to double, then the global mean surface temperature would increase in the 

range of 1.5-4.5 degrees Celsius (Figure 20) (IPCC 2014a). 
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Figure 20. (a) Emissions of carbon dioxide (CO2) alone in the Representative Concentration 
Pathways (RCPs) (lines) and the associated categories used in Working Group III (WGIII) 

(coloured areas show 5-95% range). The WGIII scenario categories summarise the wide 
range of emission scenarios published in the scientific literature and are defined on the basis 
of CO2-eq concentration levels in parts per million (ppm) in 2100. (b) Global mean surface 
temperature increase at the time global CO2 emissions reach a given net cumulative total, 

plotted as a function of that total, from various lines of evidence. Coloured plume shows the 
spread of past and future projections from a hierarchy of climate-carbon cycle models 

driven by historical emissions and the four RCPs over all times out to 2100, and fades with 
the decreasing number of available models. Ellipses show total anthropogenic warming in 

2100 versus cumulative CO2 emissions from 1870 to 2100 from a simple climate model 
(median climate response) under the scenario categories used in WGIII. The width of the 

ellipses in terms of temperature is caused by the impact of different scenarios for non-CO2 

climate drivers. The filled black ellipse shows observed emissions to 2005 and observed 
temperatures in the decade 2000-2009 with associated uncertainties (IPCC 2014a). 
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The majority of CH4 emitted from dairy farms is produced through enteric fermentation in cattle, 

although manure can also be a source of emissions (FAO 2010a, Place 2010, Won 2017). N2O is 

formed during the microbially facilitated process of denitrification, the natural cycle by which 

nitrate is reduced to nitrogen gas, and major sources on dairy farms include long-term manure 

storage lagoons, nitrogenous fertilisers, and manure spread on agricultural fields (FAO 2010a, 

Place 2010). 

The Food and Agriculture Organization of the United Nations estimated that in 2007 the global 

dairy sector emitted 1,969 million tonnes of CO2-equivalents (+/- 26%), of which 1,328 million 

tonnes were attributable to milk production, 151 million tonnes were attributable to meat from 

culled cattle, and 490 million tonnes were attributable to meat from fattened calves (FAO 2010a). 

This estimate does not include the emissions related to land use change under constant 

management practices, capital goods (i.e. farm equipment and buildings), on-farm milking or 

cooling, or retail activities (e.g. refrigeration, disposal of packaging) (FAO 2010a). In total, the 

global dairy sector contributes approximately 4% to total anthropogenic GHG emissions (FAO 

2010a). However, the contribution of the dairy sector to global GHG emissions is relatively small 

compared to energy, industrial processes, and transport, especially as emissions from the dairy 

sector represent only a portion of the total emissions from agriculture, forestry and other land uses 

(Figure 21) (IPCC 2014b). 

 
Figure 21. Global anthropogenic GHG emissions by economic sectors. Figure adapted from 

IPCC (2014).  

Globally, on-farm processes, including land use change, contribute the most to GHG emissions 

from the dairy sector (FAO 2010a). In industrialised regions CO2 emissions tend to be higher due 

to intensive feed production, on-farm fossil fuel energy use, processing, and transport (FAO 

2010a). However, emissions per unit of product tend to be lower due to the higher digestibility of 
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feed and higher productivity levels (FAO 2010a). Generally, grassland systems have higher 

emissions per unit of milk than mixed farming systems (FAO 2010a). Additionally, there is 

significant regional variation in GHG emissions from dairy farming; livestock systems in 

temperate regions, which largely fall in high income nations, tend to have lower emissions per 

unit of milk than systems in arid or humid regions in low income countries (FAO 2010a). 

Overall, cattle, as large ruminants, contribute substantially more to climate change than other 

smaller, non-ruminant livestock species, such as poultry and pigs (Figure 22) (Caro 2014). 

Specifically, from 1961 to 2010, beef cattle contributed approximately 54% of total livestock 

emissions, followed by dairy cattle (17%), sheep (9%), buffalo (7%), pigs (5%), and goats (4%) 

(Caro 2014). 

 
Figure 22. Trends in global beef cattle, dairy cattle, pigs, and sheep GHG emissions for the 

period 1961-2010 in units of megatonnes of CO2 equivalents (Caro 2014). 

Some effects of climate change will be beneficial for human health, but most effects will be 

negative (Figure 23) (Corvalan 2005, IPCC 2014a). The combined impacts of land use change 

and climate change, and in particular extreme climate events, on human health can be severe, both 

in terms of direct health outcomes, such as morbidity and mortality from heatwaves, floods, 

droughts, and storms (Corvalan 2005, IPCC 2014a), and in terms of environmentally mediated 

diseases (Foley 2005, Smith 2014).  
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Figure 23. Schematic summary of main pathways by which climate change affects public 
health. Mitigation refers to primary prevention (e.g. reducing greenhouse gas emissions). 

Adaptation entails interventions to lessen adverse health impacts (McMichael 2006). 

Extreme weather events are expected to increase, and sea levels will rise due to climate change 

(Corvalan 2005, IPCC 2014a). Such events have direct local and regional impacts through injuries 

and deaths (Corvalan 2005, McMichael 2006, IPCC 2014a). These events also indirectly 

influence human health and wellbeing through economic disruption, infrastructure damage, and 

population displacement (Corvalan 2005, McMichael 2006, Smith 2014). This can then lead to an 

increase in the incidence of infectious diseases due to overcrowding, lack of shelter, contaminated 

water, poor nutritional status, and adverse mental health impacts (Corvalan 2005).  

Climate change will also impact the availability of food, water, and materials, which will in turn 

affect the distribution of infectious diseases, human nutritional status, and the distribution of 

human communities (Corvalan 2005, McMichael 2006, Smith 2014). Increasing temperatures and 

changes in precipitation patterns may reduce the quantity and quality of food in some regions 

(McMichael 2006).  
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Climate change will also lead to increased risks from waterborne, foodborne, and vector-borne 

diseases (McMichael 2006, IPCC 2014a).  Climate change may directly influence the growth, 

survival, persistence, transmission, and virulence of pathogens (McMichael 2006, Smith 2014). 

Additionally, climate change may indirectly influence pathogens through ecosystem disturbances 

or through the alteration of the habitats of species that act as reservoirs for zoonotic pathogens 

(Smith 2014). Pathogens of particular concern are enteric organisms transmitted through the 

faecal-oral route, as well as bacteria and protozoa that are naturally occur in aquatic ecosystems 

(Smith 2014). Furthermore, vectors (e.g. mosquitoes, ticks) are sensitive to climatic conditions 

such as temperature, precipitation, and humidity (Smith 2014) and climate change is expected to 

cause shifts in the abundance and distribution patterns of certain disease vectors (Smith 2014). 

Climate change may also have repercussions for air quality in the future. Specifically, it is 

possible that levels of photochemical oxidants and fine particulate matter could increase, although 

pollutant emission, transport, dispersion, chemical transformation, and deposition depend upon 

climatic conditions such as wind speed, temperature, and humidity (Orru 2017, Silva 2017). For 

example, higher wind speeds may disperse precursor emissions, therefore reducing ozone and 

particulate matter levels (Orru 2017, Silva 2017). Additionally, high temperatures may magnify 

the effects of ozone. High levels of tropospheric ozone can negatively affect health (Von Mutius 

2000, Bell 2006, Ebi 2008, Jerrett 2009). Specifically, studies have found that tropospheric ozone 

levels are significantly associated with cardiopulmonary mortality (WHO 2006, Smith 2009). 

Wildfires may also increase as climate change leads to heat waves and drought (Smith 2014). 

Wildfires are important causes of acute air pollution episodes and release particulate matter and 

other toxic substances that can affect human health (Finlay 2012, Handmer 2012, Smith 2014). 

Warmer conditions may also favour the production and release of certain aeroallergens, such as 

plant pollen and fungal spores; this may impact asthma, allergic respiratory diseases, and possibly 

conjunctivitis and dermatitis (Beggs 2010).  

Additionally, there will likely be a loss of work capacity and a decrease in labour productivity in 

vulnerable populations due to the impacts of climate change (McMichael 2006, IPCC 2014a). In 

many areas the risk of heat exhaustion and heat stroke will rise with increased temperatures, 

especially for individuals who work outside and whose occupations require higher levels of 

physical exertion (Smith 2014). At higher temperatures there may be a conflict between health 

protection and economic productivity (Kjellstrom 2011); as workers take longer or more frequent 

breaks to prevent heat stress, hourly productivity may decrease (Sahu 2013). 

Harsh climatic conditions, including floods, droughts, heat waves and storms, can increase 

psychological stress in those who were already diagnosed with mental illness and may induce 

mental illness in those who were not previously ill (Berry 2010). Climate change may also 
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indirectly contribute to the risk of violent conflict (Smith 2014), which can in turn impact human 

health and wellbeing in a number of ways. While there are a number of specific, quantifiable 

health risks associated with climate change, there will also be indirect effects due to social, 

economic, and political disruptions associated with climate change (McMichael 2006).  

New Zealand’s greenhouse gas (GHG) emissions account for only a very small share of global 

emissions (OECD 2017). However, the intensification of the dairy industry, as well as 

contributions from the transport and industrial sectors, have led to increases in gross GHG 

emissions by approximately 20% since 1990 (Figure 24) (OECD 2017, Ministry for the 

Environment 2018). Despite the fact that 80% of New Zealand’s electricity is generated from 

renewable sources, New Zealand has the second highest GHG emissions per unit gross domestic 

product (GDP) in the Organisation for Economic Cooperation and Development (OECD) and the 

fifth highest emissions per capita in the OECD (OECD 2017). 

 

Figure 24. New Zealand's annual gross and net GHG emissions from 1990 to 2016 
(LULUCF = Land Use, Land Use Change, and Forestry). Figure adapted from Ministry for 

the Environment (2018). 

New Zealand’s GHG emissions per capita and per unit GDP have decreased since 1990, but 

remain high by international standards due to high agricultural and transport emissions (Kazaglis 

2017, Ministry for the Environment 2018). There has been an estimated 14% increase in 

agricultural GHG emissions during the period 1990-2014 (Kazaglis 2017). The increase is 

primarily due to a 7% increase in methane, principally produced through enteric fermentation, and 
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a 21% increase in nitrous oxide, largely from the application of both synthetic and biological 

fertiliser to pastures (Kazaglis 2017). In total, New Zealand’s biological emissions from 

agriculture represent around 50% of the nation’s gross emissions (Figure 25) (Kazaglis 2017, 

Ministry for the Environment 2018). The proportion of New Zealand’s emissions from agriculture 

are the highest among OECD nations (Figure 26) and are twice the OECD average (Kazaglis 

2017, OECD 2017). Total agricultural emissions in 2014 were estimated as 49.9% from dairy, 

17.2% from beef, 29% from sheep, 2.3% from other livestock, and 1.6% from cropping and 

horticulture (Kazaglis 2017). However, the agricultural sector succeeded in decreasing the 

emission intensity of production in the past few decades (Kazaglis 2017). From 1990 to 2012, 

emission intensity for the dairy sector fell by 0.8% per annum and by 2014 emission intensity was 

about 30% lower than the 1990 level (Kazaglis 2017). 

 

Figure 25. New Zealand's GHG emissions by economic sector in 2016. Figure adapted from 

Ministry for the Environment (2018). 
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Figure 26. Estimated contribution of agriculture to GHG emissions in selected OECD 
nations (OECD 2017). 

Loss of Biodiversity 

Current threats to biodiversity are unprecedented and the extinction rate is estimated to be as 

much as 1,000 times higher than background rates that are indicated by the fossil record (FAO 

2006, WHO 2015b). The Food and Agriculture Organization of the United Nations (FAO) has 

stated that the livestock sector may be the leading driver of biodiversity loss (FAO 2006). 

Livestock account for around 20% of the total terrestrial animal biomass and 30% of Earth’s land 

surface, preempting habitat for other species (FAO 2006). While the current extinction crisis 

raises clear environmental concerns, biodiversity loss can also seriously impact human health and 

wellbeing (Sandifer 2015, WHO 2015b).  

The relationship between human health and biodiversity is complex with many linkages (WHO 

2015b). Human health and wellbeing are reliant on a number of different ecosystem services that 

are supported by biodiversity (Sandifer 2015). Specifically, biodiversity loss can negatively 

impact human health through impacts on water and air quality, nutrition, non-communicable 

diseases, infectious diseases, and biomedical advancements (WHO 2015b). Reduced opportunities 

to develop new drugs, such as antibiotics, from natural products may be the most direct link 

between biodiversity loss and human health (WHO & Secretariat of the Convention on Biological 

Diversity, 2015). Additionally, natural biodiversity and biodiversity-supported ecosystem services 
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can provide psychological, aesthetic, cultural, recreational, socioeconomic, and spiritual benefits 

(Sandifer 2015).  

Biodiversity is also the basis for global agricultural production (WHO 2015b). Historically, 

approximately 7,000 plant species and several hundred animal species have been used for human 

dietary consumption (World Resources Institute 2005). The loss of biodiversity may reduce the 

availability of nutritious food sources, which may lead to serious human health consequences in 

certain regions of the world (World Resources Institute 2005). Additionally, the loss of 

biodiversity in agroecosystems increases the vulnerability and decreases the sustainability of 

many food production systems (WHO 2015b). Overall, the diversity of species, varieties, and 

breeds in agricultural production underpins human dietary diversity, nutrition, and health (WHO 

2015b). 

Biodiversity benefits extend beyond the provision of food and other raw materials. Human 

exposure to nature has been associated with a wide array of positive health and wellbeing 

benefits, including improvements in general health, stress reduction, increased physical activity, 

and reduced incidence of cardiovascular, intestinal, and respiratory diseases (Sandifer 2015). 

While the evidence for direct linkages between health outcomes and human exposure to 

biodiversity are limited, there is mounting evidence that exposure to diverse natural habitats and 

multiple different species may be beneficial to human health (Sandifer 2015). For example, a 

study examining the perceptions of urban greenspace users in the United Kingdom found that 

psychological and physical benefits associated with exposure to nature increased with species 

richness and habitat diversity (Fuller 2007).  

There is stronger evidence for a causal relationship between human exposure to natural 

biodiversity and the maintenance of a healthy immune system and the reduction of inflammatory 

diseases (Sandifer 2015). Human exposure to diverse natural habitats and diverse microbial 

populations is considered critical for the development of normal human immune responses to 

allergens and disease-causing agents (Sandifer 2015, WHO 2015b). Several studies have 

suggested that exposure to the natural environment and vegetation diversity may be protective of 

asthma (Lovasi 2008, Sbihi 2015, Donovan 2018). Reduced contact with the natural environment 

and biodiversity, as well as biodiversity loss, leads to declining diversity of human microbiota, 

which can lead to immune dysfunction and disease (Sandifer 2015, WHO 2015b). Specifically, 

rapid declines in biodiversity may contribute to the increasing prevalence of allergies, asthma, and 

chronic inflammatory diseases in urban populations (Sandifer 2015). Biodiversity loss may also 

impact human health through ecosystem regulation of infectious diseases (World Resources 

Institute 2005, WHO 2015b). While areas with higher biodiversity may support a greater diversity 
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of pathogens, higher biodiversity may also prevent or reduce human exposure to infectious agents 

(World Resources Institute 2005, WHO 2015b). 

The most important direct drivers of biodiversity loss are habitat change, climate change, invasive 

species, overexploitation of species, and pollution (World Resources Institute 2005, FAO 2006). 

These drivers are interconnected and livestock production contributes either directly or indirectly 

to each at both local and global scales (FAO 2006). Livestock related land use and land use 

change can alter or destroy ecosystems that are critical habitat for other species (FAO 2006). 

Livestock production also contributes to climate change, which modifies ecosystems and 

influences species survival; ecosystem degradation through pollution emissions; and the 

overexploitation of other species (FAO 2006). Additionally, livestock can act as invasive species 

or serve as vectors for certain diseases (FAO 2006). However, it is difficult to quantify the 

contribution of the livestock sector because biodiversity loss is typically caused by a combination 

of different processes of environmental degradation (FAO 2006).  

Livestock production is an important driver of biodiversity loss  (FAO 2006). Globally, the many 

mechanisms by which livestock sector influences biodiversity include forest fragmentation, land 

use intensification, desertification, forest transition (i.e. reversion of former pastures), climate 

change, invasive species, competition with wildlife, overfishing (i.e. fish used in livestock feed), 

loss of livestock genetic diversity, toxicity, and habitat pollution (FAO 2006). The type of 

livestock production system strongly influences the type and extent of threat to biodiversity (FAO 

2006). Intensive livestock production systems, which seek to increase yields per unit area, 

typically through increased stocking rates and the use of off-farm inputs, have contributed to 

biodiversity loss through pollution (FAO 2006). Extensive systems, which seek to increase yields 

through the expansion of farmland area, have caused dramatic biodiversity losses due to forest 

fragmentation or deforestation and the introduction of invasive plant species (FAO 2006). Dairy 

farms can be either intensive or extensive and the threats to biodiversity differ by the type of 

production system (Table 4). 
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Table 4. Expert ranking of livestock-related threats to biodiversity resulting from the 
different mechanisms and types of production systems FAO (2006). 

 

However, livestock can also positively influence biodiversity (FAO 2006). For example, in 

Europe traditional grazing creates and maintains sward structural heterogeneity, which is seen as 

positively affecting biodiversity (FAO 2006). Additionally, livestock can condition the soil 

through the deposition of manure and urine, which can improve soil fertility and support plant life 

(Hart 1999, Horrigan 2002, FAO 2006). Livestock can also support plant propagule dispersal 

(FAO 2006). However, when traditional pastures become more intensively managed, many of 

these benefits are lost, along with much of the remaining biodiversity (FAO 2006).  

While there is limited research regarding the influence of dairy production on biodiversity, a 

study in New Zealand that investigated plant distribution and soil invertebrates from a site before 

and after conversion to intensive dairy farming reported that only 31% of the original 65 native 

vascular plant species were found after conversion to dairy farming and 27 exotic species had 

been introduced since the original survey in 1970 (Bowie 2016). There were notable declines in 

native earthworm populations, but there were no indications of soil invertebrate biodiversity loss 
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(Bowie 2016). However, a study in Ireland reported that total arthropod abundance was 

significantly greater in more intensively managed swards of dairy farms and there was greater 

breeding bird species richness and abundance along field boundaries on dairy farms compared 

with non-dairy farms (McMahon 2010). The influence of dairy farming on biodiversity may vary 

by site and species involved.  

Moreover, biodiversity loss, like many other environmental impacts, can be displaced in time and 

space. For example, farm imports, such as supplemental feeds and fertilisers, can have substantial 

impacts on biodiversity in the location in which they are produced, but not necessarily in the 

locations where they are used. Palm kernel expeller (PKE) is produced as a by-product of the 

palm oil industry in South-East Asia and is exported and sold as a supplemental feed for 

livestock. New Zealand is the largest global importer of PKE and it is used almost exclusively as 

a supplemental feed for dairy production (Foote 2015). While the use of PKE doesn’t seem to 

pose a substantive risk to local biodiversity in New Zealand, oil palm cultivation is responsible for 

11 million hectares of deforestation globally (Nicholas 2018). Such deforestation greatly reduces 

terrestrial biodiversity and a study in Myanmar reported that at certain sites of oil palm 

cultivation, local low income populations experienced reduced dietary and nutritional diversity 

and negative health outcomes as a result of industrial monocropping (Nicholas 2018). 

New Zealand has the highest proportion of threatened and at-risk species in the world (Joy 2015). 

Features of New Zealand’s indigenous flora and fauna make them particularly susceptible to 

increased levels of disturbance and the ongoing intensification of the agricultural sector in recent 

years presents a continued threat to biodiversity, sustainability, and ecosystem resilience (Moller 

2008). A review of the implications of agricultural intensification on biodiversity in New Zealand 

reported that intensification has resulted in the loss of biodiversity and ecosystem resilience 

(Moller 2008). Overall, there is clear evidence that agricultural intensification in New Zealand has 

degraded aquatic biodiversity (Moller 2008). For example, more than 70% of native freshwater 

fish are under threat (Joy 2015). However, there is a lack of evidence regarding the impact of 

agricultural intensification on terrestrial biodiversity (Moller 2008). While only crude measures 

exist, evidence of declines in the area, structural integrity, and diversity of native vegetation from 

1960 to 2000 have been noted (Moller 2008).  

Global Summary 

Overall, dairy farming can contribute substantially to water pollution, air pollution, and climate 

change. As regards climate change, enteric fermentation is an important source of methane 

globally, and manure storage and spread and fertiliser use are important sources of nitrous oxide. 

Cattle, as large ruminants, contribute more to climate change than smaller, non-ruminant livestock 
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species, such as poultry and pigs (Figure 22) (Caro 2014). Livestock production can also 

contribute to local and regional air pollution (FAO 2006). Particulate matter, ammonia, nitrogen 

oxides, and volatile organic compounds are major air pollutants that are emitted on dairy farms 

(FAO 2006, Havlikova 2008, Place 2010, Won 2017). 

Important water pollutants from dairy farms include fertilisers, nutrients, zoonotic pathogens, 

pesticides, sediment, antibiotics, hormones, and other drug residues. It is difficult to compare the 

contribution to water pollution across livestock sectors, although cattle, due to their large size, 

excrete substantial quantities of manure, often containing high levels of nutrients (Table 5) 

(Sheldrick 2003). Furthermore, a recent study estimated manure production per day per 100 

kilograms of live animal mass, using average adult animal body mass, and reported that dairy 

cattle produced more manure than any other livestock species (Vermeulen 2017). However, 

stocking densities will inevitably influence the contribution of different livestock species in a 

given area.  

Total global livestock excreta have been estimated to contain 94 million tonnes of nitrogen, 21 

million tonnes of phosphorus, and 67 million tonnes of potassium, and cattle were the largest 

contributors to the total (60%), while pigs and poultry only contributed 10% and 9%, respectively 

(Sheldrick 2003). Livestock production has steadily increased over time (Thornton 2010) and, 

logically, livestock excreta and nutrient quantities have increased along with livestock numbers. 
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Table 5. Range of estimated livestock excretion rates. Table 

adapted from Sheldrick (2003). 

Animal Nitrogen 
(kg/year) 

Phosphorus 
(kg/year) 

Potassium 
(kg/year) 

Beef Cattle    

> 2 years 59-101 11-23 62-105 
1-2 years 46-76 9-18 40-79 
<1 year 28-35 5-9 20-31 
Dairy cows 95-98 13-16 63-116 
Pigs    

Slaughter 11-15 2-5 5-10 
Boars 13-33 4-10 5-17 
Sows 26-38 6-13 10-17 
Sheep 8-20 1-2.6 6-19 
Goats 13.5-20 1.8-3.1 16.9-19 
Horses 45-68 8-14 27-51 
Poultry    

Broilers 0.3-0.77 0.04-0.24 0.03-0.38 
Layers 0.35-0.7 0.11-.18 0.15-0.21 
Ducks 0.6 0.09 0.07 
Turkeys 1.5 0.31 0.26 

 
 
 
 
 
 
 

 
 
 
 

 
Figure 27. Estimated global livestock excreta for 1996. Adapted from Sheldrick 

(2003). 
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Overall, manure is a particularly important source of environmental pollution on dairy farms and 

management of manure in a way that minimises environmental health risks presents a serious 

challenge. The accumulation of manure on dairy farms contributes to the emission of GHGs 

(OECD 2004, FAO 2006, FAO 2010a, Place 2010, Won 2017), ammonia (FAO 2006, Havlikova 

2008, Place 2010, Won 2017), and the environmental dispersal of zoonotic pathogens (Cavirani 

2008, Toth 2013, McDaniel 2014). Furthermore, manure contains excess nutrients that can end up 

in soils and streams, causing eutrophication, algal blooms, reduced light penetration, and 

decreased oxygen availability in aquatic ecosystems (OECD 2004, FAO 2006, Won 2017). 

New Zealand Summary 

In New Zealand, the contribution of the dairy sector to water quality, soil quality, climate change, 

and biodiversity loss are of particular concern. While air pollution is estimated to cause a notable 

increase in the base mortality rate in New Zealand, the largest sources of air pollution in New 

Zealand are transport emissions, domestic home heating emissions, and industrial emissions, 

rather than agricultural emissions (Kuschel 2012). On the other hand, agricultural emissions do 

contribute substantially to New Zealand’s gross GHG emissions, and in 2010 New Zealand had 

the highest national livestock emissions per capita (Figure 28) (Caro 2014). In total, New 

Zealand’s GHG emissions from livestock represent approximately half of the nation’s gross 

emissions (Kazaglis 2017).  

Water scarcity does not currently seem to be a major concern in New Zealand, but declining water 

quality has recently become a prominent political issue. Many of New Zealand’s waterways have 

shown a range of indicators of degraded water quality (Scarsbrook 2015). Levels of nutrients, 

sediments, and faecal microbes are frequently elevated in catchments dominated by agricultural 

land use (Scarsbrook 2015). With regard to national soil quality, compaction, excess nutrients, 

and depleted organic matter have been reported as the primary concerns and areas with pastoral 

land use and dairy farming have often failed to meet soil quality targets (Sparling 2004, Foote 

2015). The intensification of the dairy sector also presents a continued threat to biodiversity 

(Moller 2008). 

Overall, there are many complex linkages between environmental degradation and human health 

and wellbeing. Additionally, the impacts of environmental change can often be displaced in time 

and space. This makes it particularly difficult to predict or quantify the potential public health 

impacts. However, the evidence indicates that environmental pollution due to agricultural 

intensification, and specifically from the dairy sector, represents a major challenge in New 

Zealand. 
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Figure 28. Livestock emissions per capita, 2010 (Caro 2014).



 116 

 

2.4.4 Antimicrobial Resistance  

Antimicrobial resistant pathogens or antimicrobial resistant gene transfer are potential health risks 

associated with dairy production and consumption. The use of antimicrobials in food-producing 

animals, including dairy cattle, can improve animal health and increase productivity (Call 2008, 

Oliver 2011). However, the use of antimicrobials, both in humans and in animals, has driven the 

emergence of antimicrobial resistant pathogens and antimicrobial resistant genes (Tripathi 2017). 

The extent to which antibiotic use in agriculture has driven the emergence of resistant bacterial 

strains continues to be a topic of debate (Call 2008, Oliver 2011). The U.S. Centers for Disease 

Control and Prevention (CDC) estimated that, in total, approximately two million illnesses and 

23,000 deaths can be directly attributed to antimicrobial resistance each year in the United States 

alone (Aitken 2016, U.S. Centers for Disease Control and Prevention 2017). However, it is not 

clear how many illnesses and deaths can be attributed to the use of antimicrobials in agriculture, 

or specifically to the dairy sector. 

Antimicrobials are used in food animals to treat infections and for prophylaxis (Call 2008, Aitken 

2016, Tripathi 2017). However, food animals may also be given antimicrobials to promote growth 

and increase feed efficiency (Aitken 2016, Tripathi 2017). However, on dairy farms the majority 

of antimicrobials are used to treat mastitis (Call 2008) and dairy cattle production tends to be less 

reliant on antimicrobials than swine or poultry production (Van Boeckel 2015, Burgess 2017, 

Collis 2019).  

Overall, it is estimated that current antibiotic use, measured as total kilograms of active 

compound, in agriculture exceeds antibiotic use in humans (Aitken 2016). The majority of 

antimicrobials used in agriculture are administered in intensive food animal production systems 

(Van Boeckel 2015). Antibiotic resistant bacteria found in food animals can be transmitted to 

humans through the environment, food products, or direct contact with animals (Call 2008, Oliver 

2011, Aitken 2016, Tripathi 2017).   

Classes of Antibiotics 

Both ionophore and non-ionophore antibiotics are used in animal agriculture (Aitken 2016). 

Ionophore antibiotics are not currently used in human medicine, but they are used to improve feed 

efficiency (i.e. how readily animals convert feed to body mass or milk) in dairy heifers (i.e. young 

female cows that have not yet calved) and other livestock (Losinger 1996, Aitken 2016). Non-

ionophore antibiotics are widely used in human medicine and are routinely used in animal 

agriculture for treating infections, prophylaxis, or to improve feed efficiency in poultry, pigs, and 

beef cattle in certain parts of the world (McEwen 2002, Aitken 2016, Hillerton 2017).  
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While the use of antibiotics in livestock for the treatment of infections and diseases is often 

justified, there is mounting concern regarding the use of antibiotics for nontherapeutic reasons, 

such as feed efficiency and growth promotion. Antibiotics administered to livestock in 

subtherapeutic doses can alter animal microflora and suppress commensal bacteria that would 

otherwise divert nutrients from the animal (Aitken 2016). Suppressing commensal bacteria 

maintains a more absorptive gut lining, which can promote weight gain in animals without having 

to provide additional feed (Aitken 2016). However, lactating dairy cattle do not typically receive 

antimicrobials for feed efficiency or growth promotion, although they may be given 

antimicrobials to prevent or treat infection (McEwen 2002). Additionally, the use of 

antimicrobials for growth promotion in food-producing animals has been banned in certain 

regions, including New Zealand and the European Union (Hillerton 2017). 

The misuse of medically important non-ionophore antibiotics in food-producing livestock is a 

serious concern in controlling the emergence of antibiotic resistant pathogens (Aitken 2016). The 

U.S. Food and Drug Administration (FDA) classifies third generation cephalosporins, 

fluoroquinolones, macrolides, trimethoprim/sulfamethoxazole as critically important classes of 

antibiotics (Aitken 2016). Natural and synthetic penicillins, fourth generation cephalosporins, 

carbapenems, clindamycin, aminoglycosides, tetracyclines, streptogramins, glycopeptides, 

oxazolidinones, rifamycins, chloramphenicol, metronidazole, and polymyxin B are considered 

highly important classes, while first and second generation cephalosporins and monobactams are 

categorised as important classes (Aitken 2016).  

Use of Antimicrobials on Dairy Farms 

Food-producing animals, including dairy cattle, have been identified as a potential reservoir for 

antimicrobial resistant bacteria (Ewers 2012, Burgess 2017). However, cattle have the lowest 

average annual consumption of antimicrobials globally when compared with use in other 

livestock, such as pigs and poultry (Figure 29) (Van Boeckel 2015, Burgess 2017). 
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Figure 29. Posterior distributions for estimates of antimicrobial consumption in cattle, 

chickens, and pigs in OECD countries (Van Boeckel 2015). 
On dairy farms, antimicrobials are used for a number of different reasons, including for the 

treatment of mastitis, lameness, respiratory disease, reproductive problems, diarrhoea or other 

digestion issues, and pink eye in cattle (Call 2008, Oliver 2011). Additionally, many dairy farms 

practice dry cow therapy and use intramammary antibiotics following the last milking of lactation 

(Oliver 2011). Mastitis is the most commonly treated bovine disease (Call 2008, Oliver 2011) and 

is commonly treated with cephalosporins, lincosamides, and noncephalosporin beta-lactams in the 

United States (Oliver 2011), New Zealand (Burgess 2017), and parts of Europe (Kuipers 2016, 

Firth 2017). However, the evidence relating to antimicrobial resistance (AMR) in mastitis 

pathogens is inconsistent. A review conducted in 2011 noted that resistance in mastitis pathogens 

has been well documented for decades and presents a potential foodborne hazard (Oliver 2011), 

while another review conducted in 2008 indicated that resistance among mastitis pathogens was 

relatively low (Call 2008). In the United States, the most commonly used drugs for dry cow 

therapy are penicillin G/dihydrostreptomycin and cephapirin, while cows treated for lameness are 

frequently administered tetracycline, cephalosporins, and noncephalosporin beta-lactams (Oliver 

2011). In New Zealand, over 80% of dry cow therapy products sold from 2009 to 2014 were 

penicillins, while cephalosporins have often been used to treat foot-rot (Burgess 2017). 

Presence of Antimicrobials in Agroecosystems and on Farms 

Non-ionophore antibiotics have increasingly been found in agroecosystems, including on dairy 

farms (Campagnolo 2002, Watanabe 2010, Zhang 2013, Tripathi 2017). Specifically, over the 

past fifteen years, many antibiotics from a large number of different classes have been detected, 

including macrolides, lincosamides, sulphonamides, chloramphenicol, florfenicol, 
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fluoroquinolones, and tetracyclines (Tripathi 2017). However, the presence of antimicrobial 

resistant bacteria on dairy farms seems to depend on a number of factors, and farm management 

practices may play an important role in the status of a dairy herd. For example, in a cross-

sectional study to evaluate the prevalence of extended-spectrum beta lactamase (ESBL) producing 

and plasmid-mediated AmpC-producing E. coli in dairy herds in the Netherlands, researchers 

found that several different farm management practices were associated with ESBL or AmpC 

positive herd status (Gonggrijp 2016). Specifically, the use of certain classes of antibiotics, 

especially third or fourth generation cephalosporins, and the treatment of all clinical mastitis cases 

with antibiotics were associated with ESBL or AmpC positive herd status (Gonggrijp 2016).  

Transfer of Antimicrobial Resistance from Livestock to Humans 

The potential transfer of antimicrobial resistant pathogens from animals to humans through the 

consumption of contaminated food products, especially raw milk, or through direct contact with 

animals or animal waste is a serious threat to human health (Oliver 2011, Aitken 2016, Burgess 

2017, Tripathi 2017). Antimicrobial resistant pathogens and genes may also spread from livestock 

into the surrounding environment with potential consequences for human health (Oliver 2011, 

Aitken 2016, Tripathi 2017). For example, the transmission of antimicrobial resistant pathogens 

or genes could occur through contaminated waterways or wildlife (Burgess 2017).  

Specifically, there is a growing body of evidence that points to antimicrobial resistant genes as 

environmental pollutants. Horizontal gene transfer and mobile genetic elements such as plasmids, 

transposons, and integrons can facilitate the spread of antimicrobial resistant genes in the 

environment (Tripathi 2017). Antibiotic resistant bacteria and genes have been isolated from dairy 

wastewater; soil from dairy farms; dairy manure; and the dairy farm environment (Oliver 2011, 

Noyes 2016, Pitta 2016, Collis 2019). Antibiotic resistant bacteria have also been detected in 

surface water, groundwater, sediments, and wetlands (Oliver 2011, Aitken 2016, Tripathi 2017). 

Freshwater ecosystems support the distribution and evolution of antimicrobial resistance because 

they are sites that facilitate genetic exchange through horizontal gene transfer (Tripathi 2017). 

Evidence also points to animal manure as an important reservoir and source of environmental 

contamination with both antibiotic resistant bacteria and genes (Tripathi 2017). Furthermore, 

recent studies indicate that antibiotic resistant bacteria from livestock operations (e.g. beef, dairy, 

and pig) can become airborne, especially on high intensity farms or confined feedlots (Chapin 

2005, McEachran 2015, Navajas-Benito 2017), and antibiotic resistant bacteria have specifically 

been found in higher prevalence downwind from beef cattle feed yards as compared to upwind 

(McEachran 2015, Aitken 2016). However, there are still knowledge gaps surrounding the 

potential transmission routes between dairy cattle, humans, and the environment (Figure 30) 

(Burgess 2017).  
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Figure 30. Potential transmission routes for the spread of antimicrobial resistance. Adapted 

from Burgess (2017). 

There is a strong epidemiological association between AMR in food animals, including poultry, 

pigs, and to a lesser extent, dairy cattle, and transmission to humans with subsequent colonisation 

(Oliver 2011, Aitken 2016, Tripathi 2017). For example, a number of studies have found high 

prevalence of resistant bacterial strains and patterns in both livestock and farm workers, but not in 

the community at large (Stobberingh 1999, Oppliger 2012, Aitken 2016). Other studies have 

clearly documented the transmission of antibiotic resistant bacteria from livestock to farmers and 

their close contacts, as was the case with resistant enterococci from poultry in the Netherlands 

(van Den Bogaard 2002, Aitken 2016). Additionally, studies suggest that pathogenic bacteria can 

spread antibiotic resistant genes between humans and livestock (Oliver 2011, Tripathi 2017). 

Zoonotic Salmonella spp. (Call 2008, Oliver 2011, Aitken 2016, Tripathi 2017), Campylobacter 

spp. (Call 2008, Aitken 2016, Tripathi 2017), Listeria spp. (Tripathi 2017), Staphylococcus spp. 

(Tripathi 2017), Enterococcus spp. (Tripathi 2017), and E. coli (Call 2008, Aitken 2016, 

Gonggrijp 2016, Tripathi 2017) can exhibit high levels of acquired antibiotic resistance.  

A number of studies have shown that the increasing prevalence of resistant strains in humans is 

linked to the increased use of antibiotics in farm animals, including dairy cattle, and the 

emergence of resistant bacterial strains in livestock (Aitken 2016). Generally, there are several 

types of evidence that support the conclusion that antimicrobial resistant isolates in humans can 

stem from the use of antimicrobials in food animals: (i) tracing the sources of certain foodborne 

disease outbreaks back to animal products, (ii) the emergence of new antimicrobial resistant 

strains coinciding temporally with the licensing of antimicrobial agents for agricultural use, (iii) 

the identification of similar or identical patterns of antimicrobial resistance in isolates from 

humans and from food animals, and (iv) the comparison of patterns of antimicrobial use in 

humans and livestock with antimicrobial resistance patterns in humans and livestock (Angulo 
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2000). However, patterns of antimicrobial use and resistance in livestock are difficult to quantify 

because information on the quantity of antimicrobials used in livestock is largely reliant on 

antimicrobial sales data (e.g. Van Boeckel 2015, Hillerton 2015), which may not accurately 

indicate actual use; is not reliably reported in a standardised format across regions; doesn’t 

specify the intended use for each sale; and doesn’t account for animal population, distribution by 

species, or the size of animals, which is critical because antibiotics are dosed by animal weight 

(Hillerton 2017).  

Example: Resistant Salmonella Strains 

The use of antimicrobials in livestock, including dairy cattle, has been associated with the 

emergence of antimicrobial resistant Salmonella strains and with the transmission of these new 

strains to humans (Spika 1987, Angulo 2000, Threlfall 2000, Gupta 2003). Several outbreak 

investigations of antimicrobial resistant Salmonella infections in humans have traced the resistant 

Salmonella back through the food chain to farms (Tacket 1985, Spika 1987, Angulo 2000) and 

found that the use of antimicrobial agents on those farms was associated with antimicrobial 

resistance (Spika 1987, Angulo 2000). Studies in the United States have identified associations 

between Salmonella infections in humans, and both direct contact with livestock, and the 

consumption of unpasteurised dairy products (Glynn 1998, Cody 1999). Furthermore, a 

retrospective case-control study, also conducted in the United States, identified the emergence of 

new strains of multidrug-resistant Salmonella enterica Newport-MDRAmpC, identified dairy 

cattle as a reservoir for the strain, and demonstrated that human infections were associated with 

direct exposure to a dairy farm (Gupta 2003). Moreover, it was observed that the available data on 

antimicrobial use in livestock in the United States suggested that the patterns of antimicrobial use 

in livestock was similar to the spectrum of antimicrobial resistance observed in Salmonella 

isolates from both humans and livestock, while antimicrobial use patterns in humans seemed 

dissimilar to the spectrum of antimicrobial resistance seen in humans (Angulo 2000). However, it 

is not clear whether similar patterns exist in other regions of the world.  

Example: Resistant Campylobacter Strains 

Links have also been identified between the use of fluoroquinolones in poultry and increases in 

the incidence of quinolone-resistant Campylobacter jejuni infections in humans (Endtz 1990, 

Smith 1999, Wegener 1999). Several studies have demonstrated that livestock can be a source of 

Campylobacter infection in humans and have isolated the same serotypes and genotypes from 

both humans and livestock, including cattle (Orr 1995, Møller Nielsen 1997, On 1998, Engberg 

2001). Globally, many regions that have licensed fluoroquinolones for use in livestock have 

observed the emergence of resistant Campylobacter jejuni and Campylobacter coli isolates in 

both humans and livestock (Endtz 1990, Sanchez 1994, Smith 1999, Engberg 2001, Unicomb 
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2003). Additionally, a case-control study conducted in Australia, where fluoroquinolones were 

not licensed for use in animal agriculture, found that fluoroquinolone-resistant human 

Campylobacter isolates were rarely detected (Unicomb 2003). A global review of in vitro 

macrolide and quinolone resistance and prevalence trends in Campylobacter spp. isolated from 

humans demonstrated a temporal relationship between the licensing of quinolones in food-

producing livestock and the emergence of resistant isolates in humans (Engberg 2001).  

Contribution of Dairy Cattle and Livestock to Global Emergence of Antimicrobial 
Resistance 

While there is agreement that the use of antibiotics in farm animals can increase AMR, there is no 

consensus within the scientific community with regard to the scale of the problem. Some 

researchers have indicated that the use of antimicrobials in food-producing livestock has driven 

the emergence of AMR globally (Aitken 2016, Tripathi 2017). However, other studies have 

highlighted inconsistent evidence regarding the causal link between the use of antimicrobials in 

agriculture and the emergence of AMR (Call 2008, Oliver 2011).   

In a review of the impact of antibiotic use in adult dairy cows on AMR in the United States, 

supported in part by the Midwest Dairy Association, researchers argued that the evidence does not 

indicate that the use of antibiotics in dairy cattle has resulted in the emergence of widespread 

resistance in bovine pathogens, even though many antibiotics have been used by the industry for 

decades (Oliver 2011). The researchers acknowledge that antibiotic use in adult dairy cows does 

inevitably contribute to increased AMR (Oliver 2011). However, they were of the opinion that 

even though AMR does inevitably occur, the benefits of using antibiotics in dairy cows outweigh 

the risks when accounting for the implications for animal welfare, as well as food quantity, 

quality, and costs (Oliver 2011). Additionally, another review that examined AMR in both beef 

and dairy cattle production found that observational studies have generally reported that the use of 

antibiotics in cattle leads to an increase in the prevalence of resistant bacteria (Call 2008). 

However, the review also noted that experimental studies have failed to consistently demonstrate 

a close association between antibiotic use and the emergence of resistant pathogens (Call 2008). 

The researchers suggested that factors other than the use of antibiotics in cattle, such as animal 

age, repeated antimicrobial selection pressure, and the coupling of AMR traits with other niche-

specific, selectively advantageous traits may play an important role in the long-term spread of 

AMR (Call 2008).  

Recently, the World Health Organization Advisory Group on Integrated Surveillance of 

Antimicrobial Resistance (WHO AGISAR) commissioned a systematic review and meta-analysis 

to summarise the effect that interventions to reduce antibiotic use in food-producing livestock 

have on the prevalence of antibiotic resistant bacteria in both animals and humans (Tang 2017). 
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The study complied with Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

(PRISMA) standards and may be the most comprehensive systematic review of AMR in animal 

agriculture to date.  

The results for the meta-analysis for animal studies showed that for almost all antibiotic classes, 

bacterial groups, and sample types, the pooled risk of AMR was lower in intervention groups with 

reduced antibiotic use than in control groups (Tang 2017). Specifically, the meta-analysis 

indicated a 10-15% reduction in the pooled prevalence of AMR isolates in the intervention groups 

compared to the control groups for food-producing livestock (Tang 2017). Furthermore, there was 

an absolute risk reduction of 24-32% in the proportion of isolates from livestock that were 

multidrug resistant in intervention groups compared to control groups (Tang 2017).  

In the animal studies, the pooled effect estimates seemed to be stronger when the intervention was 

targeted at swine or poultry as opposed to cattle, although the finding was not significant on meta-

regression (Tang 2017). This may be due to the fact that swine and poultry farms are generally 

more intensive with larger numbers in a smaller space and with potentially greater antibiotic use, 

and because antibiotic administration tends to be at the flock or herd level for swine and poultry 

operations rather than at the individual animal level as is common for cattle (Tang 2017). 

Therefore, it is possible that interventions in swine and poultry farming may result in greater 

overall reductions in antibiotic use (Tang 2017). 

The meta-analysis for human studies indicated that the pooled prevalence of antibiotic resistant 

bacteria in humans was 24% lower in intervention groups in which there was a decrease in the use 

of antibiotics in animals, as compared to control groups (Tang 2017). A stronger association was 

found for humans that had direct contact with food-producing livestock, including dairy cattle 

(Tang 2017). The results consistently suggest that antibiotic resistant bacteria can be exchanged 

between livestock and farm workers (Tang 2017). Additionally, transmission from food-

producing livestock to humans can occur through the consumption of contaminated food 

products, or indirectly through the environment via animal faecal matter, waste water, and 

contaminated food products (Tang 2017). 

The findings were remarkable in their consistency: reductions in antibiotic resistant bacteria 

prevalence were found regardless of the bacterial groups examined, samples studied, animal 

species included, type of intervention implemented, and study quality (Tang 2017). Overall, the 

study suggests that reducing the level of antibiotic use in animal agriculture would benefit both 

animal and human populations (Tang 2017). The authors stated:  

“Although we do not fully understand the mechanisms of cross-species 
transmission of resistant bacteria and their genetic elements, it seems 
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clear that the health of humans, animals, and the ecosystem are 
intricately linked, and that an interdisciplinary and multi-sectoral 
approach will be required to address the problem of antimicrobial 
resistance (Tang 2017, pg. e325)." 

Controlling the Use of Antibiotics 

Efforts to ensure the judicious use of antibiotics are complicated by the possibility that while 

substantially reducing the use of antibiotics in livestock could help to limit the transmission of 

antimicrobial resistant bacteria to humans, it could also increase the probability that cattle could 

harbour high pathogen loads, which could in turn increase the risk of transmission of pathogens to 

humans (Call 2008, Oliver 2011). Attempts to promote the prudent use of antibiotics are further 

complicated by access and availability of antibiotics (Oliver 2011). For example, in some 

countries, such as the United States, antibiotics are available ‘over the counter’ and do not require 

a veterinarian’s consultation or prescription (Oliver 2011). Additionally, policies that promote the 

sale and use of antibiotics, and variations in practices among individuals who administer 

antibiotics can hinder efforts to ensure judicious use (Oliver 2011).  

Global Summary 

Overall, there is strong epidemiological evidence that antibiotic resistant bacteria are frequently 

transmitted from animals to humans. However, there is limited evidence to indicate that the use of 

antimicrobials in dairy cattle has driven the emergence of AMR. Additionally, the evidence does 

not indicate that the use of antimicrobials in dairy cattle has led to a high proportion of the 

antimicrobial resistant infections reported in humans. However, there would be value to public 

health in limiting the use of antibiotics in food-producing livestock.  

New Zealand Summary 

New Zealand has low use of antimicrobials in food-producing livestock compared to other 

countries (Burgess 2017, Hillerton 2017) and, unlike the United States and other regions of the 

world, New Zealand does not use antimicrobials for growth promotion (Hillerton 2017). 

However, antimicrobials are used in dairy cattle for a number of different reasons, including dry 

cow therapy, mastitis, endometriosis, metritis, and neonatal diarrhoea (Burgess 2017). An 

increase in the sale of antimicrobials considered important for human health for use in agriculture 

has been noted in recent years in New Zealand (Ministry for Primary Industries 2016, Burgess 

2017). Specifically, there was a 55% increase in sales of third and fourth generation 

cephalosporins (Ministry for Primary Industries 2016, Burgess 2017). While the reason for the 

increase was unknown, it has predominantly attributed to the use of ceftiofur in dairy cattle 

(Ministry for Primary Industries 2016, Burgess 2017). However, there is currently no evidence 

that the use of antimicrobials in dairy cattle has led to the emergence of multidrug-resistant 
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pathogens in New Zealand (Burgess 2017). The risk of antimicrobial resistance developing in 

bacteria carried by dairy cattle and the potential for subsequent transmission to humans in New 

Zealand can’t be assessed due to a lack of data, but globally the evidence suggests that there is a 

potential for the use of antimicrobial agents, particularly third and fourth generation 

cephalosporins, in the dairy sector to contribute to an increase in antimicrobial resistance (Burgess 

2017). Future research in New Zealand should assess the risk of the development of antimicrobial 

resistance in dairy cattle, monitor the prevalence of certain antimicrobial resistant pathogens in 

dairy cattle, and examine potential transmission pathways. 

2.5 Positive and Negative Impacts Associated with the Consumption of 
Dairy Products 

2.5.1 Foodborne Hazards 

Food safety hazards in the dairy supply chain may either be biological, chemical, or physical in 

nature (Smith 2016, van Asselt 2017). A comprehensive review of hazards in the dairy supply 

chain in Europe found that microbiological hazards are of particular concern, with chemical and 

physical hazards less frequently encountered in dairy products (van Asselt 2017). These hazards 

can be introduced at different phases of dairy production, including animal feed production, raw 

milk production on the farm, and processing either on the farm or at another off-farm facility 

(Oliver 2005, Smith 2016, Zastempowska 2016, van Asselt 2017). While pasteurisation was 

introduced as a method of controlling foodborne pathogens in milk and has been successful in 

reducing the incidence of diseases such as bovine tuberculosis and brucellosis, the consumption of 

unpasteurised dairy products, or products contaminated after pasteurisation, continues to pose a 

threat to public health (Thoen 2006, LeJeune 2009, van Asselt 2017). There are a number of 

different potential contaminants that are perceived to pose a risk to public health, but the evidence 

for the real risk to public health varies by contaminant. There is substantial evidence that certain 

biological contaminants pose a real risk to public health, but for many chemical and physical 

contaminants there is not sufficient evidence to determine the true public health burden.  

Biological Contaminants 

While many pathogens are transmissible to humans through a number of different exposure 

pathways, as discussed in a previous section (2.4.1), this section will focus on pathogens 

commonly of concern in milk and dairy products. Foodborne outbreaks have been traced to both 

raw and pasteurised milk and dairy products (Oliver 2005). Milk can serve as a good growth 

medium for certain microbes due to its high water content and neutral pH (Zastempowska 2016), 

and pasteurisation or inadequate pasteurisation may not inactivate all pathogens (Oliver 2005). 
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Additionally, dairy products that have been pasteurised can still become contaminated during 

further processing, storage, or preparation before consumption (Oliver 2005).  

The presence of pathogens in milk and dairy products on farms may be due to direct contact with 

contaminated sources in the dairy farm environment or to excretions from cattle with either 

systemic disease or localised infections (e.g. mastitis) (Oliver 2005, Zastempowska 2016). Some 

foodborne pathogens can cause mastitis in cattle, in which case the pathogen can be directly 

excreted in milk (Oliver 2005). However, not all foodborne pathogens will cause clinical infection 

in cattle, and certain pathogens can be shed in the excretions of asymptomatic cattle (Oliver 

2005). The dairy farm environment can provide a constant reservoir for certain foodborne 

pathogens due to the large number of cows and the constant presence of faecal matter (Oliver 

2005), and most pathogens are introduced through faecal contamination during milking 

(Zastempowska 2016). However, the presence of pathogens in milk can vary considerably and is 

influenced by a number of factors including farm size, animal number, hygiene, farm 

management practices, antibiotic use, geographic location, and season (Oliver 2005).  

With regard to contamination from an infected cow, when a cow presents with clinical mastitis, or 

inflammation of the mammary gland, the milk appearance is often altered giving a visual signal 

that the milk may be unsafe or of lower quality, and the milk will typically be discarded 

(Zastempowska 2016). However, when a cow has subclinical mastitis, the milk may have a 

normal appearance and the milk may still be collected and added to a bulk milk tank, 

contaminating the entire tank (Zastempowska 2016). Mastitis can be caused by over 150 different 

microorganisms (Kuang 2009), many of which are not human pathogens (Zadoks 2011). 

Furthermore, most foodborne pathogens (e.g. Shiga toxin-producing E. coli, Salmonella, and 

Campylobacter) are not frequently isolated from mastitic milk (Zastempowska 2016). 

Contamination can also occur through a contaminated milking machine, a farm worker’s hands, 

or through improper handling or storage (Zastempowska 2016). Contaminated raw milk that 

enters the processing stream can then infect milk handling and storage equipment, and can persist 

in biofilms and potentially contaminate subsequent milk and dairy products (Oliver 2005). 

Some of the most important foodborne pathogens in cow’s milk and products derived from the 

milk of dairy cows are Brucella spp., Coxiella burnetii, Shiga toxin-producing Escherichia coli 

(STEC), Salmonella spp., Listeria monocytogenes, and Staphylococcus aureus (Oliver 2005, Gale 

2015, Zastempowska 2016, van Asselt 2017). Other foodborne pathogens that have been found in 

raw milk and have strong links to illness in humans include Yersinia spp. and Campylobacter spp. 

(Oliver 2005, Zastempowska 2016). Additionally, Bacillus cereus, Corynebacterium spp., 

Cryptosporidium parvum, Mycobacterium bovis, Streptococcus suis subspecies zooepidemicus, 
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Tick-borne encephalitis virus, and Toxoplasma gondii are also potentially transmissible through 

milk (Zastempowska 2016).  

Other pathogens with zoonotic potential that have been found in milk include Prototheca spp., 

which are often highly resistant to antimicrobial drugs (Zastempowska 2016). There are also a 

number of other antimicrobial resistant bacteria that are of particular concern in raw milk: 

multidrug resistant Salmonella enterica serovar Typhimurium, resistant Campylobacter spp., 

resistant STEC, methicillin-resistant S. aureus (MRSA), and ESBL-producing or AmpC gene-

carrying bacteria (Zastempowska 2016). Antimicrobial resistance is discussed in further detail in 

an earlier section (2.4.4).  

Mycobacterium avium subsp. paratuberculosis (MAP) may also be an emerging foodborne 

pathogen (Oliver 2005, Cavirani 2008). MAP causes Johne’s disease in ruminants, which bears a 

clinical resemblance to Crohn’s disease in humans (Oliver 2005). While it is uncertain whether 

MAP is a causative or trigger agent of Crohn’s disease, evidence suggests that either a subset of 

Crohn’s patients have been infected with MAP or that the ulcerated tissue of patients selectively 

harbours the pathogen, either as an acquired contaminant or as an opportunistic infection (Oliver 

2005, McNees 2015). Evidence suggests that MAP may also be involved in the pathogenesis of 

idiopathic inflammatory bowel disease (e.g. ulcerative colitis, Crohn’s disease), associated 

colorectal cancer, and sporadic colorectal cancer (Pierce 2018). However, there is currently no 

direct evidence for MAP as the aetiological agent for Crohn’s disease (Bach 2015). 

Different microbiological agents are of more concern for different processed dairy products (van 

Asselt 2017). E. coli and Campylobacter spp. seem to be of particular concern in raw milk (van 

Asselt 2017), while soft and semisoft cheeses were more frequently associated with L. 

monocytogenes and S. aureus (van Asselt 2017). The contamination of powdered infant formula 

with Cronobacter spp. and Salmonella spp. is of particular concern due to the risk posed to infants 

(van Asselt 2017). Furthermore, the risk from microbiological contamination of dairy products 

varies based on the intrinsic properties of each product (Figure 31) (FSANZ 2006). 
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Figure 31. Relative risk from microbiological hazards in dairy products (FSANZ 2006). 

Bacterial Toxins 

Bacterial toxins in milk are also of concern, particularly those produced by Bacillus spp., 

Clostridium spp., and Staphylococcus spp. (Zastempowska 2016). Staphylococcus spp. can 

produce staphylococcal enterotoxins (SE), SE-like toxins (SEl), and toxic shock syndrome toxins 

(TSST-1) (Zastempowska 2016). SEs can be produced in milk that is not cooled quickly or is not 

pasteurised appropriately (Zastempowska 2016). Once formed, SEs are heat-stable proteins that 

can’t be destroyed during pasteurisation (Zastempowska 2016). Bacillus spp. and Clostridium 

spp. are also able to survive pasteurisation in spore form; both can cause spoilage or food 

poisoning (Zastempowska 2016). Bacillus cereus enterotoxins that can cause food poisoning 

include haemolysin BL (HBL) and nonhemolytic enterotoxin (Nhe) (Zastempowska 2016).  

Clostridium perfringens enterotoxin (CPE) can also cause food poisoning and Clostridium 

botulinum is the causative agent of botulism (Zastempowska 2016). CPE is a potential bovine 

mastitis pathogen (Zastempowska 2016) that has been detected in cow milk and is resistant to 

pasteurisation (McAuley 2014). CPE has been indicated as the causal agent in at least one 

outbreak of foodborne illness in Australia caused by contaminated cheese sauce (McAuley 2014).  

There was also one confirmed and one suspected outbreak of CPE attributed to dairy products in 

the United States between 1998 and 2008 (Bennett 2013).  Clostridium botulinum is not 

considered to be a bovine mastitis pathogen, but multiplication in silage and in the gastrointestinal 

tract have been reported, indicating that contamination of the environment and raw milk is 

possible (Lindström 2010). C. botulinum has been isolated from powdered infant formula and 

other dairy powders (Barash 2010, Doyle 2015). However, contaminated powders have not 
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conclusively been demonstrated to have caused outbreaks of human botulism (Doyle 2015). 

Outbreaks of human botulism have been associated with other dairy products such as cheese, 

milk, and yogurt, although such outbreaks are rare (Lindström 2010, Doyle 2015). Shiga-toxins 

produced by E. coli strains can cause severe tissue damage in humans, particularly in children, 

and have been associated with diarrhoea, haemorrhagic colitis, thrombotic thrombocytopenia 

purpurea, and haemolytic uremic syndrome (Zastempowska 2016). Cattle are considered the 

primary reservoir for STEC globally (Zastempowska 2016).  

Burden of Bacterial Foodborne Illness Attributable to Dairy 

A World Health Organization structured expert elicitation study calculated global estimates of the 

proportion of foodborne illnesses attributable to specific foods (Hoffmann 2017). Contaminated 

dairy products were estimated to cause approximately 68-91% of foodborne brucellosis cases; 

15% of foodborne STEC cases; 4-15% of foodborne campylobacteriosis cases; 2-6% of 

foodborne nontyphoidal salmonellosis cases; and 2-8% of foodborne cryptosporidiosis cases 

(Hald 2016, Hoffmann 2017). However, only 8-16% of global cryptosporidiosis cases were 

estimated to be foodborne (Hald 2016, Hoffmann 2017). By contrast, approximately 44-75% of 

total brucellosis cases, 40-60% of total STEC cases, 51-76% of total campylobacteriosis cases, 

and 46-73% of total nontyphoidal salmonellosis cases were estimated to be foodborne across all 

regions (Hald 2016, Hoffmann 2017). These estimates have broad uncertainty bounds due to a 

lack of data in many countries, and the results are difficult to compare to other studies, especially 

as prior studies have used different points of attribution (Hoffmann 2017). However, several 

smaller scale studies conducted in North America and Europe have provided fairly similar 

estimates for percentages of foodborne illnesses attributable to dairy products (Hoffmann 2007, 

Havelaar 2008, Davidson 2011, Painter 2013, Hoffmann 2017). 

One such study, conducted in the United States, estimated annual foodborne illnesses, 

hospitalisations, and deaths attributable to different food commodities for the period from 1998 

through 2008 (Painter 2013). In total, the study attributed 1.3 million (14%) illnesses, of the 9.6 

million estimated annual foodborne illnesses, to dairy products each year (Painter 2013). 

Additionally, 16% of hospitalisations and 10% of deaths were attributed to dairy products (Painter 

2013). Only produce commodities, including fruits, vegetables, and nuts, caused more illnesses, 

and only poultry caused more deaths (Painter 2013). Dairy products resulted in the most 

hospitalisations of the commodities examined (Painter 2013). Approximately 18% of bacterial 

illnesses were attributed to dairy, matching the percent attributed to poultry (Painter 2013). 

Additionally, 12% of viral illnesses were attributed to dairy products, in large part due to the 

contamination of cheese with norovirus after pasteurisation (Painter 2013). However, the study 

may have overestimated the illnesses attributable to dairy, in part due to a large 
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campylobacteriosis outbreak that was traced back to pasteurised milk (Painter 2013). While these 

results are bounded by considerable uncertainty and are specific to the United States, it is possible 

that other higher income nations with similar food systems may face a similar burden of 

foodborne illnesses attributable to dairy. 

In New Zealand, dairy products are tested to prove that they conform with minimum food safety 

requirements and Overseas Market Access Requirements (Ministry for Primary Industries 2018a). 

There have been several contamination scares for New Zealand dairy exports in the past decade. 

For example, there was a botulism scare in 2013 when tests indicated the presence of Clostridium 

botulinum in a batch of whey protein concentrate (Government Inquiry into the Whey Protein 

Concentrate Contamination Incident 2014). However, it was later revealed that there was no 

actual risk, and the whey protein concentrate did not contain bacteria that could cause botulism 

(Government Inquiry into the Whey Protein Concentrate Contamination Incident 2014). In 

general, the risk to human health from pasteurised dairy products is low and the pasteurisation of 

milk has been highly effective at reducing the risk of infectious diseases (French 2014a). 

However, the consumption of unpasteurised or raw milk continues to be associated with 

infectious disease outbreaks around the world and in New Zealand (French 2014a).  

In New Zealand, the sale of raw milk is not permitted at retail outlets, but under the Food Act 

1981, the purchase of up to five litres of raw milk is allowed from the farm gate, provided that the 

buyers intend to consume it themselves or provide it for their family’s consumption (French 

2014a). Under the Animal Products Act 1999, the milk must be collected and stored in accordance 

with a Risk Management Programme (RMP) (French 2014a). However, there are concerns that 

RMPs may not adequately address the risks associated with farm gate sales (French 2014a). 

Additionally, concerns have been raised about the interpretation of current legislation in New 

Zealand, along with the lack of enforcement (French 2014a).  

While most milk in New Zealand is pasteurised before consumption, it has been estimated that 

around 100,000 persons consume raw milk in New Zealand (French 2014a). From 2006 to 2014, 

more than 20 clusters of infectious disease cases (e.g. campylobacteriosis, salmonellosis) were 

reported in which the consumption of raw milk was considered a risk factor, while over the same 

period there were no clusters associated with pasteurised milk (French 2014a). Additionally, in 

recent years, the Ministry for Primary Industries has recalled a number of raw milk products for 

suspected contamination with Campylobacter spp. and Listeria monocytogenes (Ministry for 

Primary Industries 2018b).  
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Chemical Contaminants 

The introduction of chemical contamination to dairy products frequently occurs during primary 

production, either through the consumption of contaminated feed by cattle, uptake of chemical 

compounds from the environment primarily through grazing on contaminated soils, through the 

administration of veterinary medicines, or due to fraud (van Asselt 2017). Potential chemical 

hazards in milk and dairy products include antibiotics (e.g. beta lactams, sulphonamides, 

tetracyclines), anthelmintics, and other veterinary drugs; cleaning agents used to disinfect or 

sanitise milk lines or equipment; and chemicals from environmental sources, including pesticides, 

heavy metals, dioxins, furans, polychlorinated biphenyls (PCBs), and radionuclides (Smith 2016, 

van Asselt 2017). Mycotoxins, such as aflatoxin M1, that originate from contaminated feeds can 

also be transferred to milk (Smith 2016). Furthermore, dairy products can be adulterated with 

chemical additives, such as melamine, in order to artificially simulate the appearance of increased 

nutrient content (Soon 2016). The chemicals of most concern in dairy products include aflatoxin 

M1, dioxins and other environmental contaminants, and veterinary drug residues (van Asselt 

2017). 

Mycotoxins are toxic chemical compounds produced by different genera of yeast or filamentous 

fungi and are important potential chemical contaminants of milk and dairy products (Becker-

Algeri 2016, Smith 2016, van Asselt 2017). Mycotoxins are produced when cattle ingest 

contaminated feed and they are often excreted in milk (Cavirani 2008, Becker-Algeri 2016, Smith 

2016, van Asselt 2017). It has been estimated that at least 25% of all food crops are affected by 

mycotoxins (Cavirani 2008). While the levels of mycotoxins excreted in milk are generally low, 

mycotoxins are heat resistant and can survive pasteurisation (Becker-Algeri 2016). Mycotoxins 

that are of potential concern in milk and dairy products include aflatoxins, especially aflatoxin M1 

(AFM1), fumonisins, zearalenone, ochratoxin A, trichothecenes, T-2 toxin, and deoxynivalenol 

(Becker-Algeri 2016). 

Aflatoxins are toxic, and potentially carcinogenic and immunosuppressive, fungal metabolites that 

are often produced by Aspergillus flavus (Cavirani 2008, Becker-Algeri 2016). AFM1 is produced 

when cattle eat feed contaminated with aflatoxin B1 and has frequently been isolated from milk 

(Becker-Algeri 2016, Smith 2016, van Asselt 2017). The relationship between aflatoxin 

concentrations in food and acute illness (i.e. aflatoxicosis) has been established and has led to 

regulatory limits in many countries, but little is known about specific threshold levels associated 

with other adverse health effects (Strosnider 2006). While a number of studies in certain countries 

(e.g. Brazil, China, Sudan, Turkey) have reported aflatoxin levels in dairy products exceeding 

recommended or regulatory limits (Elzupir 2010, Iha 2011, Raul 2012, Bilandžić 2014, 

Temamogullari 2014, Bahrami 2015, Xiong 2018), the risk to human health is not clear. It has 
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been estimated that aflatoxin exposure in nuts and maize may play a causative role in anywhere 

from 4.6-28.2% of global hepatocellular carcinoma, or liver cancer, cases (Liu 2010). Therefore, 

it is possible that high aflatoxin levels in milk and dairy products may also play a causative role in 

a considerable portion of global liver cancer cases. However, to the author’s knowledge, the 

global burden of liver cancer associated with exposure to aflatoxins in dairy products has not been 

assessed. 

The most effective method for reducing AFM1 concentrations in milk is to ensure the quality of 

cattle feed (Becker-Algeri 2016). However, AFM1 contamination in milk and dairy products 

varies by region, season, environmental conditions, and farming system management (Becker-

Algeri 2016). AFM1 is often higher in winter because the prolonged storage of cattle feed can 

provide favourable conditions for fungal growth (Becker-Algeri 2016). Therefore, it is generally 

assumed that milk produced from cattle in pastoral systems presents a lower aflatoxin risk than 

milk from cattle that are fed concentrate feeds (Becker-Algeri 2016). AFM1 is of particular 

concern in cheeses, because it can concentrate in curd during cheese making and result in levels 

as much as five times higher in cheeses than in the milk from which they were produced (Becker-

Algeri 2016). 

Uptake of a number of different chemical compounds by cattle during grazing is also a potential 

problem for dairy farms, especially in areas that are environmentally contaminated, as some 

chemicals can then be excreted in cow’s milk (Smith 2016, van Asselt 2017). Organochlorines are 

highly toxic, persistent organic pollutants that can have adverse impacts on human health and the 

environment (Avancini 2013). These compounds are lipophilic and bioaccumulate in animal and 

human adipose tissue through the food web (Avancini 2013, van Asselt 2017). Organochlorine 

pollutants of concern include polycyclic aromatic hydrocarbons (PAHs), dioxins, furans, 

polychlorinated biphenyls (PCBs), perfluorinated compounds, and brominated flame retardants, 

which can cause serious health issues in humans (Smith 2016, van Asselt 2017). Pesticides are 

occasionally found in milk, especially organochlorine pesticides, such as dichloro-diphenyl-

trichloroethane (DDT), lindane, and hexachlorocyclohexanes (Smith 2016, van Asselt 2017). 

Other pesticides that are sometimes found in milk include organophosphorus pesticides, 

carbamates, and pyrethroids (Smith 2016, van Asselt 2017).  

Other organic pollutants and heavy metals can also contaminate the dairy farm environment as a 

result of fertiliser application, contaminated materials such as industrial waste or sewage sludge, 

or atmospheric deposition (van Asselt 2017). Furthermore, nuclear accidents or explosions can 

lead to the deposition of radionuclides on pastures where cattle can then ingest them, and the 

radionuclides can be transferred to milk (van Asselt 2017). For example, iodine-131 was reported 

in milk following the Chernobyl accident and other radionuclides such as cesium-137 have also 
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been reported (van Asselt 2017). Chronic exposure to radionuclides as a result of the ingestion of 

contaminated foods can increase cancer risk, although risk depends on the type of radionuclide, 

amount ingested, and duration of exposure (Olobatoke 2015). Additionally, different 

radionuclides may affect different organs or tissues (Olobatoke 2015). For example, chronic 

intakes of iodine-131 can cause thyroid cancer (Murakami 2012). 

The true public health burden of foodborne illnesses caused by chemical agents that are 

attributable to dairy products is not clear; many of the attribution studies reviewed here only 

examined the burden of biological agents (Hoffmann 2007, Havelaar 2008, Davidson 2011, 

Hoffmann 2017). In the United States, approximately 3,773 foodborne illnesses, 23 

hospitalisations, and 2 deaths are attributable to dairy products contaminated with chemical agents 

each year (Painter 2013). However, the results were limited by the lack of published estimates for 

a number of illnesses caused by chemical agents (Painter 2013). 

In New Zealand, the National Chemical Contaminants Programme randomly tested over 250 

individual dairy products from 2013 to 2014 for more than 565 chemical compounds, including 

antibiotics and veterinary medicines, pesticides, herbicides, fungicides, chemical contaminants, 

radionuclides, chemical elements (including heavy metals), and other substances (Ministry for 

Primary Industries 2015). In total, more than 49,000 individual tests were conducted (Ministry for 

Primary Industries 2015). There were 512 chemical detections, but all detections were within 

acceptable limits (Ministry for Primary Industries 2015). Furthermore, the number of detections 

were considered very low based on the breadth of products sampled and compounds tested for 

(Ministry for Primary Industries 2015). The results suggested that dairy products manufactured in 

New Zealand were safe and free from contamination (Ministry for Primary Industries 2015). 

However, in previous years there has been some evidence of pesticide contamination of dairy 

products. For example, the 1997/98 New Zealand Total Diet Survey (NZTDS), which sampled 

114 different foods to determine the concentrations of selected pesticides, found that dairy 

products contained residues of dichloro-diphenyl-trichloroethane (DDT), an organochlorine 

pesticide, and its derivatives (Cressey 2000).  

Physical Contaminants 

Physical hazards are relatively rare in milk and dairy products because of filtering processes 

(Smith 2016). However, it is possible for dirt or other debris to be introduced to milk on the farm 

(Smith 2016), and plastic, metal, or glass to contaminate products during processing (van Asselt 

2017). Review of the literature revealed a lack of information regarding the public health burden 

of physical hazards in milk and dairy products; it is assumed that due to filters and other 

safeguards, both on farms and in processing plants, the actual risk to human health is very low.  
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Global Summary 

Food safety hazards can affect the dairy supply chain at several different points, including through 

animal feed, the farm environment, and processing (Oliver 2005, Smith 2016, Zastempowska 

2016, van Asselt 2017). Overall, the most commonly encountered hazards in milk and dairy 

products seem to be microbiological and chemical hazards (Smith 2016, van Asselt 2017). In the 

near future, climate change and intensification of dairy farming may amplify food safety risks 

globally, particularly those associated with microbiological hazards and possibly certain chemical 

hazards. Increased temperatures and changes in humidity may impact the lifecycle of pathogens 

and mycotoxin production (Havelaar 2010a, Paterson 2010, van Asselt 2017). With increasing 

global demand for dairy products and the intensification of the global dairy sector, a 

corresponding increase in the demand for supplemental animal feed has been seen (OECD 2016, 

van Asselt 2017). This increased demand for animal feed coupled with climate change has raised 

concerns that mycotoxin occurrence in animal feed may increase in some regions (Paterson 2010, 

van Asselt 2017). These trends may have important implications for food safety in the future. 

New Zealand Summary 

Microbiological agents are the most common threat to the safety of milk and dairy products, 

although the relative risk varies by product. Most milk is pasteurised in New Zealand before 

consumption, but it has been estimated that approximately 2% of the population consumes raw 

milk (French 2014a). The consumption of raw milk poses a serious public health threat, as there is 

no way to guarantee that raw milk is free of faecal matter (French 2014a). Chemical contaminants 

can also be a concern in dairy products, but tests in New Zealand have indicated that domestically 

produced dairy products are generally safe and free from contamination (Ministry for Primary 

Industries 2015). In New Zealand, public health interests and economic interests are aligned when 

it comes to the safety of dairy products.  

2.5.2 Diet-related Harms and Benefits 

The impacts of agricultural production are driven in part by dietary choices (Tilman 2014). 

Despite the intensification and expansion of agriculture, almost one billion people have 

inadequate diets and lack secure food supplies (Godfray 2010, Tilman 2014). At the same time, 

rising incomes and urbanisation are driving a global nutrition transition towards diets higher in 

processed food, refined sugars and fats, oils, and animal products, which has contributed to an 

obesity epidemic, with more than two billion people becoming overweight or obese (Popkin 2012, 

Tilman 2014). This section aims to explore potential nutritional health harms and benefits 

associated with the consumption of dairy products. 
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Milk is a complex colloidal matrix that contains milk fat, lactose, and a number of different 

components, and each component may have positive and/or negative health effects (Kliem 2011, 

Rodrigues 2013). Milk and dairy products play an important role in human nutrition and are a key 

source of protein, vitamins, and minerals (Kliem 2011, Pereira 2014, Hess 2016). However, 

concerns have been raised regarding the potential negative impacts related to the fat content 

(Haug 2007, Melnik 2009, Rodrigues 2013, Pereira 2014) and the naturally occurring hormones 

in milk (Melnik 2009, Malekinejad 2015). Generally, the epidemiological evidence indicates that 

the moderate consumption of dairy products does not increase the risk for most chronic conditions 

and may actually confer protection against cardiovascular disease, stroke, diabetes, dementia, 

certain cancers, and mortality (Haug 2007, Kliem 2011, Pereira 2014, Hess 2016, Dehghan 2018). 

The definition of moderate consumption varied between studies, but most of the studies reviewed 

here loosely defined moderate consumption as between one to three servings of dairy per day (e.g. 

Haug 2007, Elwood 2010, Hess 2016), with a serving commonly defined as approximately one 

cup (244g) of milk or yogurt, or one slice of cheese (42.5g). Generally, the measurements used to 

indicate moderate consumption fell within the recommended dietary guidelines issued by various 

countries; many nations recommend consuming at least one serving of dairy per day (Hess 2016).  

Composition of Milk 

Dairy products are estimated to contribute approximately 20% of total fat consumed in Western 

diets and more than 50% of energy from milk is derived from fat (Kliem 2011). Around 70% of 

milk fat is composed of saturated fatty acids (Kliem 2011). Milk also contains high quality protein 

(Kliem 2011, Hess 2016), although the fat and protein content of milk varies by cow breed and 

nutrition (Kliem 2011).  Additionally, milk contains vitamins, minerals, and other components 

that may benefit health including bioactive peptides, milk fat globule membrane, prebiotics, and 

probiotics (Hess 2016). While whole milk naturally contains a number of vitamins and minerals, 

milk can also be fortified with additional vitamins and minerals during processing. For example, 

in some countries milk is fortified with vitamins A and D (Pereira 2014). Selenium and iodine can 

also be added to cattle feed to boost levels in milk (Haug 2007). A number of articles examined 

the nutrient profile of dairy products, and Table 6 provides a list of important vitamins and 

minerals and the average concentrations in whole cow’s milk.  
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Table 6. Nutrient content of cow’s milk. Adapted from Haug (2007), Kliem (2011), Pereira 
(2014), and Hess (2016). 

Nutrient Content per cup (244g) of whole 
milk fortified with vitamin D* 

Vitamin A 112 µg 
Vitamin B1 (thiamine) 0.112 mg 
Vitamin B2 (riboflavin) 0.412 mg 
Vitamin B3 (niacin) 0.217 mg 
Vitamin B6 (pyridoxine) 0.088 mg 
Vitamin B12 (cobalamin) 1.10 µg 
Vitamin D 124 µg 
Vitamin E 0.17 mg 
Folate 12 µg 
Calcium 276 mg 
Iodine 38 µg** 
Magnesium 24 mg 
Phosphorus 205 mg 
Potassium 322 mg 
Selenium 9 µg 
Zinc 0.90 mg 
*According to the USDA National Nutrient Database for Standard Reference Release 
28 (https://ndb.nal.usda.gov/ndb/foods/show/70)  
**levels of iodine in milk can vary significantly, value adapted from Haug 2007 

 

Cow’s Milk Consumption in Infants and Children 

Consumption of cow’s milk is a risk factor for the development of iron deficiency anaemia (IDA) 

in infants and toddlers (Griebler 2016, Parkin 2016). A systematic review and meta-analyses 

reported that there is a more than three-fold increased risk for IDA for children 8-18 months old 

who were fed cow’s milk as compared to those that were fed fortified formula for 6-12 months 

from either birth or six months of age (Griebler 2016). IDA occurs in approximately 1-2% of 

infants in high income nations and typically peaks at 1-3 years of age (Parkin 2016). Children 

with severe IDA experience substantial morbidity including developmental delays, heart failure, 

and stroke (Parkin 2016). Children with severe IDA also have increased health care utilisation, 

including hospitalisation and blood transfusion (Parkin 2016). Generally, infants introduced to 

cow’s milk before the age of one and children ages 1-5 years of who drink more than 700ml of 

cow’s milk each day are at increased risk for iron deficiency (MFMER 2017). It is recommended 

that the introduction of cow’s milk be delayed until after twelve months of age and after that 

cow’s milk consumption should be limited to 500ml/day (Parkin 2016).  

However, while it is not recommended that infants be fed cow’s milk, a component of cow’s milk 

has promising applications in prenatal and neonatal medicine. Lactoferrin is the major whey 

protein in milk and it may provide a number of different beneficial health effects, particularly in 

infants (Ochoa 2017). Lactoferrin has antimicrobial and anti-inflammatory effects, and bovine 



 137 

lactoferrin has been used in a number of clinical and preclinical studies in preterm infants and 

appears to have the potential to reduce several major morbidities, without producing significant 

secondary effects (Ochoa 2017). Lactoferrin may reduce the incidence of sepsis and necrotising 

enterocolitis, support brain development and cognition, protect the brain from neuronal loss and 

inflammation, and may have a therapeutic effect in some respiratory diseases (Ochoa 2017). 

Additionally, lactoferrin may also help prevent preterm delivery (Ochoa 2017).  

Cow’s Milk Consumption in Adults 

For adults, there is concern that the saturated fatty acid content of milk and dairy products may 

contribute to cardiovascular disease, weight gain, and obesity (Haug 2007, Rodrigues 2013, 

Pereira 2014). Additionally, some researchers have hypothesised that the hormone content of milk 

may play a role in the development of certain forms of cancer (Malekinejad 2015). However, 

there are a number of different components in milk that all have different effects on health and 

disease aetiology (Haug 2007, Pereira 2014) and a number of components of milk, such as oleic 

acid, conjugated linoleic acid, omega-3 fatty acids, proteins, vitamins, minerals and bioactive 

peptides may actually provide health benefits (Haug 2007, Rodrigues 2013). For example, 

conjugated linoleic acid may prevent cardiovascular disease and benefit immunity (Pereira 2014); 

and lactoferrin may inhibit the growth of tumours and reduce susceptibility to cancer (Rodrigues 

2008, Zhang 2014). Other components of milk and dairy products may have positive and/or 

negative effects on the digestive, cardiovascular, and nervous systems (Haug 2007, Kliem 2011, 

Rodrigues 2013, Hess 2016). The links between a number of different diet-related chronic 

diseases and the consumption of dairy products are reviewed below. 

Cardiovascular Disease 

Diets high in saturated fatty acids are generally thought to contribute to cardiovascular disease 

and more than half of the fatty acids in milk are saturated (Haug 2007). Some of the saturated 

fatty acids found in cow’s milk, including lauric, myristic, and palmitic acids, have been 

associated with increases in blood cholesterol levels (Haug 2007). However, diets containing low-

fat dairy products have been consistently associated with improved serum cholesterol levels 

(Haug 2007). Additionally, a number of epidemiological and intervention studies have reported an 

inverse relationship between milk consumption and hypertension (Haug 2007, Hess 2016), which 

may be due to the antihypertensive effects of certain milk peptides (Haug 2007). Studies have not 

generally shown an increased risk for cardiovascular disease among people with higher dairy fat 

intake (Smedman 1999, Warensjo 2004, Haug 2007, Kliem 2011), and a number of 

epidemiological cohort studies suggest that the moderate consumption of milk and dairy products 

may protect against cardiovascular disease (Sauvaget 2003, Elwood 2005, Sun 2014, Dehghan 

2018).  
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A prospective cohort study that followed a representative population sample of 665 men from the 

Caerphilly cohort in South Wales, United Kingdom for 20 years found no evidence for an 

increased risk of cardiovascular diseases associated with milk intake (Elwood 2005). 

Additionally, the study found a statistically significant reduced risk for ischaemic stroke for 

participants who drank more milk, as well as a reduced risk for ischaemic heart disease events 

that was not statistically significant (Elwood 2005). Attempts to accurately characterise the diets 

of free living subjects are a consistent challenge across large cohort studies (Elwood 2005). 

However, this study used diet diaries, which are considered one of the better methods for 

estimating absolute dietary intakes (Bingham 2003). Food frequency questionnaires may be less 

precise, as they have occasionally been shown to overestimate the intakes of several food groups, 

including dairy products (Bingham 2003). In this study, participants were asked to record and 

weigh their food for seven days (Elwood 2005), a method which relies on individual recall, 

accurate measurement, and recording. Residual confounding could not be excluded, but 

adjustments were made for a wide range of factors, including age, socioeconomic status (based on 

current occupation), smoking status, alcohol consumption, body mass index, blood pressure, and 

several other biometrics with relevance to cardiovascular disease. This study was also limited in 

that it only included men and the sample size was relatively small. However, the results were 

consistent with the findings of previous long-term cohort studies (Iso 1999, Ness 2001, Elwood 

2005).  

Another study conducted in Japan sent a validated food frequency questionnaire to members of 

the Life Span Study, a large, population based cohort that includes those exposed and not exposed 

to atomic bomb radiation in Hiroshima and Nagasaki (Sauvaget 2003). The study sought to 

examine the relationship between animal-based food intake and stroke mortality (Sauvaget 2003). 

The researchers received responses from 40,349 people (72%) and participants were followed for 

16 years (Sauvaget 2003). Mortality was ascertained through linkage to the national family 

registration system (Sauvaget 2003). During the course of this study, 1,462 stroke deaths occurred 

(Sauvaget 2003). Dairy product intake was independently associated with a decreased risk of 

stroke mortality, although there was no relationship between milk consumption and stroke 

mortality (Sauvaget 2003). Generally, this study took into account a number of different potential 

confounders, but the food frequency questionnaire did not include information about portion size 

or nutrient intake. Overall, the results suggest that in a country where animal product intake is 

relatively low, consumption of dairy products may reduce the risk of mortality from intracerebral 

haemorrhage, in line with the results of an earlier cohort study conducted in Japan (Sauvaget 

2003). 
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A cross-sectional study of milk consumption and cardiovascular risk factors in 20,335 older (ages 

50-95 years) Chinese participants from the Guangzhou Biobank Cohort Study found that whole 

cow’s milk intake of more than three portions per week was associated with a lower risk of most 

cardiovascular risk factors considered (Sun 2014). Specifically, the study found that higher whole 

cow’s milk intake was associated with lower systolic and diastolic blood pressure, lower pulse 

pressure, higher HDL (i.e. high-density lipoprotein) cholesterol, lower triglycerides, lower body 

mass index (BMI), and lower weight to height ratio (Sun 2014). This study also had a large 

sample size and the quality of data was relatively high, with very detailed recording of milk 

consumption frequency and quantity coupled with an in-depth medical interview and 

examination. While the participants were not a randomly selected representative sample, this will 

not have affected the internal validity. Residual confounding was likely because the researchers 

were unable to adjust for potential confounding by diet, but they did account for age, sex, 

socioeconomic status, lifestyle factors, BMI, and other possible confounding factors (Sun 2014).  

The Prospective Urban Rural Epidemiology (PURE) study was the first large, multinational  

cohort study to examine the associations between dairy consumption and mortality and 

cardiovascular disease (Dehghan 2018). The PURE study included 136,384 diverse individuals, 

aged 35-70 years, from 21 countries on five continents (Dehghan 2018). Specifically,  participants 

were from Argentina, Bangladesh, Brazil, Canada, Chile, China, Colombia, India, Iran, Malaysia, 

occupied Palestinian territory, Pakistan, Philippines, Poland, South Africa, Saudi Arabia, Sweden, 

Tanzania, Turkey, United Arab Emirates, and Zimbabwe (Dehghan 2018). Information on food 

intake was collected using country- or region-specific validated food frequency questionnaires 

(Dehghan 2018). The study found that dairy consumption was significantly associated with lower 

risk of mortality and major cardiovascular disease events (Dehghan 2018). The risk of stroke was 

also significantly lower with higher dairy consumption (i.e. more than two serving per day) 

(Dehghan 2018). However, myocardial infarction was not significantly associated with dairy 

intake (Dehghan 2018). The study’s findings supported that the consumption of dairy products 

may be beneficial for mortality and cardiovascular disease, especially in low and middle income 

nations where dairy intake tends to be substantially lower than in Europe and North America 

(Dehghan 2018).  

Recent meta-analyses (Soedamah-Muthu 2011) and reviews (Kliem 2011, Pereira 2014, Hess 

2016) have also indicated that moderate dairy consumption does not contribute to the 

development of cardiovascular disease. Overall, evidence indicates that moderate milk and dairy 

product consumption has a protective influence on cardiovascular disease, although consumption 

of low or reduced fat dairy products over full fat products may be recommended for high risk 

populations (Pereira 2014).  



 140 

Type 2 Diabetes, Metabolic Syndrome, and Obesity 

Moderate milk and dairy consumption also seems to be associated with a reduced risk for type 2 

diabetes and associated weight problems, including obesity and metabolic issues (Haug 2007, 

Pereira 2014, Hess 2016). Metabolic syndrome has a number of different risk factors including 

abdominal obesity, high triglyceride levels, high blood pressure, insulin resistance, inflammation, 

and prothrombotic state, all of which increase the risk for a number of other conditions such as 

type 2 diabetes and cardiovascular disease (Hess 2016). Recent review of the most common risk 

factors, including central obesity, high blood pressure, and hyperglycaemia, found that moderate 

dairy consumption is associated with a lower risk of central obesity (Crichton 2014, Hess 2016) 

and may also lower blood pressure (Fumeron 2011, Hess 2016). Furthermore, the risk of type 2 

diabetes may be lower for individuals with a higher dairy intake than for those with low dairy 

intake (Elwood 2010, Kliem 2011). Evidence for the impact of dairy intake on blood glucose 

levels is inconclusive (Hess 2016). However, one study posits that theoretically milk consumption 

may induce postprandial hyperinsulinemia and may lead to a permanent increase in Insulin-like 

Growth Factor 1 (IGF-1) serum levels (Melnik 2009). This may be a cause for concern because 

insulin and IGF-1 signalling may play a role in the regulation of foetal growth, T-cell maturation 

in the thymus, pathogenesis of acne, atherosclerosis, diabetes mellitus, obesity, cancer, and 

neurodegenerative diseases (Melnik 2009). 

Musculoskeletal Health 

Moderate milk consumption may promote bone density and protect against osteoporosis (Pereira 

2014, Hess 2016), since milk and dairy products have high levels of bioavailable calcium as 

compared to other foods (Hess 2016). Regular dairy intake is often recommended for the 

prevention of osteoporosis, but while recent evidence points to a link between dairy consumption 

and bone health, the dose-response relationship remains unclear (Hess 2016). It is possible that 

dairy consumption may benefit bone mass density in populations that have habitually low calcium 

intake, but it is difficult for researchers to separate the impact of calcium from the impact of dairy 

consumption (Hess 2016). Age-related loss of muscle bulk and strength (i.e. sarcopenia) is often 

linked to osteoporosis and there is some evidence that the consumption of additional dairy protein 

may contribute to the preservation of lean muscle mass in older adults (Hess 2016). This may be 

due to the fact that milk and dairy products contain all nine essential amino acids and are 

bioavailable and digestible, despite containing fewer grams of protein than meat or beans (Hess 

2016).  However, the consumption of additional dairy protein may only support the prevention of 

sarcopenia rather than amelioration of the condition (Hess 2016).    
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Cancer 

The effect of milk and dairy consumption on different forms of cancer is often unclear due to the 

complex and multifactorial aetiology of cancer and to the diverse effects of different components 

of milk (Pereira 2014). Naturally occurring hormones and growth factors in milk may play a role 

in the aetiology of certain forms of cancer (Pereira 2014, Malekinejad 2015). A number of 

different food products contain naturally occurring hormones, but previous studies have estimated 

that as much as 60-80% of oestrogens in Western diets come from milk and dairy products 

(Malekinejad 2015). It is possible that naturally occurring hormones and growth factors from milk 

intake may induce physiological responses, including stimulating the proliferation of epidermal, 

epithelial, and embryonic cells; inhibition of gastric acid secretion; promotion of wound healing; 

and bone resorption (Rodrigues 2013). Hormones in milk and dairy products may act as endocrine 

disrupters and could potentially promote the development of prostate, breast, and endometrial 

tumours (Malekinejad 2015). However, more research is needed to determine the role of steroid 

hormones, especially oestrogens, in the aetiology of specific cancers (Malekinejad 2015). 

Studies have consistently shown an inverse association between dairy intake and colorectal cancer 

risk (Kliem 2011, Murphy 2013, Pereira 2014, Thorning 2016). A prospective cohort study 

conducted across ten European countries investigated the association between intakes of milk and 

milk subtypes, yogurt, cheese, and dietary calcium with colorectal cancer risk among 466,122 

participants (Murphy 2013). During the average eleven years of follow-up, 4,513 incident cases of 

colorectal cancer were reported. Higher intakes of milk, including whole milk and skimmed milk, 

cheese, yogurt, total dairy, and dietary calcium from dairy sources were all associated with 

reduced risk for colorectal cancer (Murphy 2013). Additionally, this study controlled for a wide 

array of potential confounding variables, although researchers were unable to gather information 

on past bowel cancer screening or endoscopies from participants (Murphy 2013). Dietary intake 

was ascertained using dietary questionnaires, which are subject to measurement error. However, 

this study partially corrected results through regression estimates using 24-hour data from a 

subsample of participants (Murphy 2013). A further limitation of this study was that changes in 

diet during follow-up couldn’t be accounted for, as the dietary questionnaire was only 

administered once at participant enrolment. Overall, the findings were consistent with other 

cohort studies (Cho 2004, Larsson 2006, Murphy 2013) and this study had high statistical power 

due to the large sample size and the large number of colorectal cancer cases reported. A number 

of researchers have suggested that conjugated linoleic acid may have anticarcinogenic effects and 

could specifically reduce the risk for colorectal cancer (Haug 2007, Pereira 2014), although the 

omega-3 fatty acids, vitamins, and minerals in milk may also exert a protective effect (Haug 2007, 

Rodrigues 2013, Pereira 2014). 
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Results from epidemiological studies of dairy consumption and breast cancer have been 

inconsistent (Bessaoud 2008, Zhang 2011). A case-control study conducted in Southern France 

between 2002 and 2004, matched 437 breast cancer cases with 922 controls by age and area of 

residence (Bessaoud 2008). Dietary intake was measured for the participants using a validated 

food frequency questionnaire and adjusted odds ratios were calculated using two different 

methods, with adjustment for a number of potential confounding factors (Bessaoud 2008). When 

using quartile thresholds of dairy consumption to calculate the adjusted odds ratios, the study 

found that the risk for breast cancer was 57% higher among women who consumed between 

134.4 and 271.2 grams of dairy per day compared to those who consumed less than 134.4g/day, 

while dairy intake higher than 271.2g/day was not associated with breast cancer risk (Bessaoud 

2008). However, when assessing dose response using a spline function, the study found that there 

was no association between dairy consumption and breast cancer risk (Bessaoud 2008).  

By contrast, another case-control study conducted in China’s Guangdong province from 2007 to 

2008 observed a significant inverse association between dietary calcium intake and breast cancer 

risk (Zhang 2011). The study also found that higher intake of total dairy and low-fat dairy were 

inversely associated with breast cancer risk, but after controlling for other dietary factors the 

associations between total dairy and low-fat dairy intake and breast cancer risk became non-

significant (Zhang 2011). The study recruited 438 women, aged 25 to 70, diagnosed with breast 

cancer, from two affiliated surgical hospitals and 438 control subjects who were admitted to the 

same hospitals and had no history of breast cancer (Zhang 2011). Dietary intake was assessed by 

trained interviewers using a validated food frequency questionnaire (Zhang 2011). The study 

controlled for a wide array of confounding variables, including other dietary factors. However, 

due to the timing of administration of the dietary questionnaire, the study may have captured 

changes in food intake following a patient’s breast cancer diagnosis, which could have altered the 

results. Furthermore, the use of hospital-based controls was a potential source of bias and the 

sample may not have been representative of the general population. Interviewer bias may also 

exist, but the study was presented as a general women’s health study and the interviewers were 

unaware of the main hypothesis (Zhang 2011). Recent reviews have also come to contrasting 

conclusions about the relationship between dairy intake and breast cancer risk, with one review 

finding that dairy intake was inversely associated with breast cancer risk (Thorning 2016), while 

another indicated that high dairy intake might promote breast cancer (Pereira 2014). 

The evidence for a potential link between dairy consumption and bladder cancer is also 

inconsistent, with some studies indicating that dairy intake may protect against bladder cancer, 

while others have found no association (Kliem 2011, Li 2011). One recent systematic review 

found that the results of four pooled cohort studies indicated an inverse relationship between dairy 
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intake and bladder cancer risk, while three pooled case-control studies found no association 

(Kliem 2011). Data from both the cohort studies and the case-control studies displayed relatively 

high heterogeneity (Kliem 2011). Another meta-analysis that extracted data from 14 studies on 

milk intake and six studies on intake of other dairy products, with a total study population of up to 

324,241 individuals, found no significant association between milk or dairy intake and bladder 

cancer (Li 2011). However, inverse associations were observed between milk intake and bladder 

cancer in the United States and between dairy intake and bladder cancer risk in Japan (Li 2011). 

Significant heterogeneity was also detected between studies in the meta-analysis (Li 2011). 

However, meta-analyses cannot resolve confounding variables that were not adjusted for in the 

original studies and it remains uncertain whether other lifestyle or dietary factors may have 

influenced the summary results in this study. While it is unclear whether dairy consumption 

protects against bladder cancer, the evidence suggests that it is not a risk factor in the aetiology of 

bladder cancer. 

Overall, there is mixed evidence regarding the relationship between dairy consumption and 

different forms of cancer. The varied actions of the different components of milk make it difficult 

to clarify the role of milk consumption in the development of certain cancers (Pereira 2014). 

Current evidence indicates that the consumption of milk and dairy products may reduce the risk of 

colorectal cancer (Cho 2004, Larsson 2006, Kliem 2011, Murphy 2013, Pereira 2014, Thorning 

2016) and bladder cancer (Kliem 2011, Pereira 2014), while there is conflicting evidence for the 

role of dairy consumption in the aetiology of breast (Bessaoud 2008, Zhang 2011, Pereira 2014, 

Thorning 2016) and prostate cancer (Huncharek 2008, Kliem 2011, Pereira 2014, Thorning 2016). 

Chemical contaminants, such as pesticides, may play a role in the observed heterogeneity of study 

findings (Outwater 1997, Davoodi 2013). 

Dementia and Cognition 

Dairy product consumption has been associated with improved cognition (Yamada 2003, Crichton 

2010, Crichton 2011, Park 2013, Hess 2016), although the association may depend on the fat 

content and type of dairy product (Crichton 2010, Park 2013). The mechanism by which dairy 

provides protection against dementia is unknown (Yamada 2003, Crichton 2011, Kliem 2011), 

although it is possible that the link is due in part to the blood pressure regulating properties of 

milk (Crichton 2011, Kliem 2011). Additionally, some studies have attributed the link to the 

angiotensin converting enzyme (ACE) inhibitors in bioactive peptides (Kris-Etherton 2009, Hess 

2016), but more research is needed to determine how dairy consumption impacts cognitive health. 
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Gastrointestinal Health 

The moderate consumption of milk and other dairy products may also support digestive system 

health (Hess 2016). Dairy products often contain prebiotics, which are food components that are 

primarily fermented in the intestine and promote the growth of beneficial microorganisms such as 

bifidobacteria and lactobacilli, and probiotics, which are live organisms that confer health benefits 

(Hess 2016). For example, some lactic acid bacteria have been associated with beneficial health 

effects and may aid in digestion and reduce allergy risk (Zastempowska 2016). Both prebiotics 

and probiotics contribute to improved digestive health by promoting the diversity and modulation 

of intestinal bacteria, which can contribute to protection from diarrheal diseases, inhibition of 

pathogenic infections, and constipation relief (Hess 2016).  

Dietary Intolerance and Metabolic Disorders  

Lactose intolerance symptoms (Haug 2007, Pereira 2014), galactosemia (Haug 2007), and cow’s 

milk protein allergy, which usually manifests in children and normally remits in adulthood (Haug 

2007, Pereira 2014), are potential adverse health outcomes associated with dairy intake. Lactose 

intolerant individuals don’t produce enough beta-galactosidase (lactase), the enzyme required to 

hydrolyse lactose into glucose and galactose so that they can be absorbed into the small intestine 

(Hess 2016).  It is estimated that lactose intolerance occurs in more than 70% of the global 

population, although it is lower in some regions (Haug 2007, Pereira 2014). In the United States, 

it is estimated that approximately 25% of the population experiences some level of lactose 

intolerance (Haug 2007). Lactose intolerance can result in abdominal cramps, bloating, flatulence, 

diarrhoea, nausea, and vomiting (Pereira 2014), although symptoms are usually not so severe as to 

require the exclusion of all milk and dairy from the diet for most people (Haug 2007).  

Another potential health effect linked to milk and dairy consumption is galactosaemia, although 

this disorder is rare (Haug 2007).  Galactosaemia is a metabolic disorder in which a person cannot 

properly metabolise the sugar galactose and the digestion of lactose in the intestine increases 

galactose concentrations (Haug 2007). Galactosaemia may lead to early onset cataracts and may 

also have negative effects on ovarian function and fertility (Haug 2007).  

Global Summary 

Dietary choices both influence and are influenced by agricultural production and the social 

environment (Tilman 2014). The world is facing the double burden of malnutrition, which is 

characterised by the coexistence of undernutrition and overnutrition (Tilman 2014). The role of 

dairy consumption in this double burden is not entirely clear. Dairy products play a crucial role in 

human nutrition and are an important source of protein, vitamins, and minerals (Kliem 2011, 

Pereira 2014, Hess 2016), but concerns have been raised regarding the potential health harms 
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associated with the consumption of milk and dairy products (Haug 2007, Melnik 2009, Rodrigues 

2013, Pereira 2014, Malekinejad 2015). Overall, the majority of recent studies suggest that the 

moderate consumption of dairy products does not increase the risk for most chronic conditions 

and may actually provide protection against cardiovascular disease, stroke, certain forms of 

cancer, and mortality (Haug 2007, Kliem 2011, Pereira 2014, Hess 2016, Dehghan 2018). 

However, there is substantial heterogeneity in the literature, and even the strongest associations 

between dairy consumption and beneficial health effects were countered by at least one study with 

contrasting results (Hess 2016).  

New Zealand Summary 

In New Zealand, the Ministry of Health recommends that adults consume at least two servings of 

milk or other dairy products each day (Ministry of Health 2015b). However, there have been 

concerns that too much of the total energy consumed by adults in New Zealand comes from 

saturated fats (Ministry of Health 2015b). The Ministry of Health estimated that saturated fat 

contributed 13% of total energy intake for adults in New Zealand in 2008 and 2009, with most of 

the saturated fat coming from dairy products (Ministry of Health 2015b). The aetiology of diet-

related conditions, such as cardiovascular disease, can be complex and it is difficult to estimate 

the overall contribution of the consumption of dairy products to many potential health risks and 

benefits. The New Zealand Burden of Diseases, Injuries and Risk Factors Study reported that 

dietary risks are the leading cause of health loss among specific risk factors and estimated that 

they account for 9.4% of total disability-adjusted life years (DALYs) (Ministry of Health 2016). 

However, higher dairy intake was not listed as one of the components of dietary risk contributing 

to the burden of disease (Ministry of Health 2016). Low fruit and vegetable consumption, high 

sodium intake, and a number of other dietary components were considered more important factors 

(Ministry of Health 2016).  

2.6 Economic, Social, and Cultural Impacts 

Livestock keeping and production can indirectly influence public health through social, economic, 

and cultural impacts. The context of a person’s life determines their health and wellbeing 

(Marmot 2008, WHO 2018b). Income and economic status, social status, social support networks, 

cultural customs and traditions, and gender, are all important determinants of health and 

wellbeing (Marmot 2008, WHO 2018b). Livestock keeping and production can influence these 

determinants of health in a number of different ways, although the impacts can vary considerably 

between lower income and higher income regions. Livestock production in lower income regions, 

especially in rural areas, can provide a number of beneficial services and outputs (LID 1999, 

Owen 2005, FAO 2006, Randolph 2007, Bettencourt 2015). Livestock keeping has also become a 

common poverty reduction tool (Owen 2005, Perry 2009).  
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Livestock production systems managed by the poor in lower income nations tend to have 

substantially lower productivity per animal or per land unit than livestock production systems in 

industrialised nations (Randolph 2007). Smallholder management systems are usually low or no 

input systems in which animals forage for themselves (Randolph 2007). These systems also tend 

to include a mix of different livestock species to provide protection against risk (Randolph 2007). 

By contrast, livestock production systems in higher income regions are typically characterised by 

a drive for higher productivity and efficiency, which often leads to the consolidation and 

intensification of operations (FAO 2006, Randolph 2007, Thornton 2010).  

2.6.1 Lower Income Nations and Regions 

Livestock, including dairy cattle, are a main component of wealth in lower income nations and 

there is a link between livestock ownership, household economic status, and social welfare (LID 

1999, Thumbi 2015). Livestock keeping does not require a formal education, nor does it always 

require large amounts of capital or land ownership (FAO 2006). Therefore, it is often the only 

economic activity accessible to poor people in low income regions (FAO 2006). An estimated 

two-thirds of resource-poor rural households keep some type of livestock (LID 1999). The 

livestock systems managed by resource-poor households typically reflect a number of resource 

constraints, such as limited financial resources, access to information, and access to services, as 

well as the lack of land ownership (Randolph 2007).  

Studies have specifically identified dairy farming as a critical source of livelihoods and nutritional 

security in a number of different lower income communities, nations, and regions, such as parts of 

Sub-Saharan Africa (Ulicky 2013, Kidoido 2015, Chagunda 2016, Rao 2016); Bangladesh 

(Rahman 2007); the Gaza Strip (Rossignoli 2015); Inner Mongolia, China (Kiminami 2009); 

Nepal (Singh 2005); and India (Singh 2013). Furthermore, an FAO review found that across 

household-level randomised control trials and observational studies with a comparison group, 

dairy cow ownership and/or the improvement of dairy cow production had a consistent positive 

impact on indicators of household welfare around the world (FAO 2018). The results were 

consistent across all study types, countries, and indicators and overall, the review provided strong 

evidence that dairy production makes a significant contribution to poverty reduction at both the 

household and community levels (FAO 2018). 

Livestock keeping is a particularly important income-generating activity for women in low 

income regions and livestock represent one of the most widely held assets for women around the 

world (LID 1999). For example, it was estimated that 75 million women are engaged in dairy 

farming in India, while by contrast only 15 million men are engaged in dairy farming (Ramkumar 

2004). Female dairy farmers in Pondicherry, India reported in a survey that owning dairy cattle 
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facilitated the borrowing of money, offered security, conferred employment and provided food, 

milk, and dung (Ramkumar 2004). Furthermore, the women who participated in the survey 

considered cattle to be integral assets, second in value only to the huts they owned, and their most 

important resource aside from family labour (Ramkumar 2004). Globally, women typically own 

and tend smaller livestock species, but larger draught animals can also help to reduce labour 

requirements for women, even if they aren’t directly owned (Owen 2005).  

Livestock are often kept by resource-poor households for a variety of different reasons, including 

for food production, income generation, use as financial instruments, provision of manure for 

fertiliser or fuel, production of power (e.g. use for transport or for ploughing), and to enhance and 

reinforce social status and ties (LID 1999, Owen 2005, Randolph 2007, Bettencourt 2015, FAO 

2016). Specifically, livestock can provide a regular supply of food, which can either be consumed 

by the household or sold to generate regular income or occasional cash (Owen 2005, Randolph 

2007, Bettencourt 2015, FAO 2016).  

Improved food security is a particularly important benefit that can arise from livestock keeping. 

Dairy cattle can be a source of milk and meat. However, the links between livestock keeping and 

human health and nutritional status are numerous and complex (Randolph 2007, Thumbi 2015). 

Generally, keeping healthy livestock can help to reduce the burden of disease, improve household 

nutritional status, and can also lead to increased household income, wealth, access to education, 

and access to health care (Thumbi 2015). However, livestock production can also harm human 

health and nutritional status through indirect social and economic pathways (Randolph 2007).  

In lower income regions, livestock are important sources of income generation and can be used as 

financial instruments (LID 1999, Owen 2005, Randolph 2007, Bettencourt 2015, FAO 2016). 

Specifically, livestock can provide a way for the poor to store savings or accumulated capital 

when they lack access to banks and standard financial markets or instruments (Owen 2005, 

Randolph 2007, Bettencourt 2015). Livestock can also be sold and transformed into cash, 

providing instruments of liquidity and consumption smoothing (i.e. creating stable and predictable 

spending patterns across periods of varied income generation) (Owen 2005, Randolph 2007, 

Bettencourt 2015). Additionally, livestock can serve as a form of insurance, providing a 

household with assets that can be sold in an emergency (Owen 2005, Randolph 2007, Bettencourt 

2015).  

Livestock manure can be used to improve or maintain soil fertility and contribute to greater crop 

production for food and additional income generation (Owen 2005, Randolph 2007, Bettencourt 

2015, FAO 2016). Animal manure supplies around 15% of nutrients applied as crop fertiliser 

globally (FAO 2016). Additionally, in some areas manure is used as solid fuel, or for the 
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generation of biogas (Randolph 2007, FAO 2016). Dung can also be used as a building material 

and is often a marketable commodity (Owen 2005, Randolph 2007, Bettencourt 2015, FAO 

2016). Livestock can also provide power for transportation or be used in place of farm equipment 

for crop production (Owen 2005, Randolph 2007, Bettencourt 2015, FAO 2016). Approximately 

two billion people in lower income nations rely on livestock for draught power and transportation 

(FAO 2016).   

Livestock Keeping and Nutritional Status 

Improved food security is an important benefit that can arise from livestock keeping. However, 

the relationships between livestock keeping, socioeconomic status, household nutritional status, 

and disease burden are complex (Thumbi 2015). There are a number of different ways that 

livestock production systems in low income areas can lead to improvements in human health and 

nutritional status (Randolph 2007). Generally, keeping healthy livestock can help to reduce the 

burden of disease, improve household nutritional status, and can also lead to increased household 

income, wealth, access to education, and access to health care (Thumbi 2015).  

Figure 32 outlines the numerous, hypothesised links between livestock keeping and human health 

and nutritional status. Specifically, keeping livestock can increase consumption of animal-based 

foods, which can lead to improvements in nutritional status (Randolph 2007). Increases in the 

numbers of animals kept can also increase production, sales, and household incomes (Randolph 

2007). Additionally, income from the sale of livestock or livestock products can be used to 

purchase food, or healthcare services, or products (Randolph 2007). Livestock can also be used in 

crop production, potentially leading to increases in crop sales and increasing household income 

and food crop consumption in turn (Randolph 2007).  
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Figure 32. Hypothesised causal linkages between livestock keeping and human health and 

nutrition outcomes among the poor (ASF = animal-source food; HH = household; arrows 
indicate causal linkages; + indicates an increase; - indicates a decrease) (Randolph 2007). 

However, livestock production can also negatively impact human health and nutritional status 

through indirect social and economic pathways (Figure 32) (Randolph 2007). For example, the 

allocation of household resources such as land and labour to livestock production can, under 

certain circumstances, decrease production and in turn decrease both the consumption and sale of 

food (Randolph 2007). Household labour that is allocated to livestock production can also 

increase overall household labour demands, particularly for women (Randolph 2007). This can 

lead to a reduction in the time and quality of care and feeding for young children, impacting their 

nutritional status (Randolph 2007).  

Poverty Reduction in Lower Income Nations and Regions 

Dairy farming, and livestock keeping in general, is considered an important tool for poverty 

reduction in lower income areas (FAO 2018). Poverty can be defined as not only the lack of 

money or materials, but as a multidimensional social phenomenon that can range from material 

deprivation to the psychological experience of multiple deprivations (Owen 2005). For example, 

poverty has consistently been tied to undernutrition, lack of access to safe water, and lack of 

access to health services (Corvalan 2005). There is a general consensus that economic growth is 

crucial for poverty reduction, but economic growth alone is typically insufficient to reduce 
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poverty on a broader scale (Perry 2009). Poverty reduction also requires favourable conditions for 

entrepreneurial investment, lack of corruption, and improved governance in public and private 

sectors, as well as transparency and accountability (Perry 2009). Additionally, in order for the 

benefits of economic growth to be realised, investments in poverty reduction must be coupled 

with the development of policies that support the delivery of education and health services, and 

improve social infrastructure (Perry 2009). Absolute levels of poverty, as well as economic 

disparities within a population, are important components of health and wellbeing (Marmot 2008, 

Perry 2009).  

Livestock, including dairy cattle, are important to both the urban and rural poor (Owen 2005, 

Perry 2009) and can contribute to poverty reduction in a number of different ways (Perry 2009). 

Generally, livestock can serve as assets that help to meet livelihood needs or as safety nets, 

especially for vulnerable populations (e.g. the poorest, women, those who are 

immunocompromised), and provide a pathway out of poverty (Perry 2009). Livestock can also 

contribute to the livelihoods of those who don’t keep livestock (Perry 2009). For example, there 

are a number of people involved in the value addition of livestock products around the world 

(Perry 2009). Case studies suggest that animal-based foods are among the most commonly sold 

street foods and are often sourced from animals kept in cities (FAO 2005, Perry 2009). Moreover, 

the street food sector is often an important informal sector employer (FAO 2005, Perry 2009). For 

example, the street food sector is the largest informal sector employer in South Africa and may be 

a major contributor to the South African economy (Von Holy 2006, Perry 2009). There are also a 

large number of poor people who consume livestock products, even if they are not involved in 

livestock keeping (Perry 2009).  

Overall, the specific context in which livestock can reduce household poverty is complex and 

there are numerous linkages between livestock production in low income settings, and human 

health and wellbeing (Figure 33) (Perry 2009). Additionally, while there are a number of ways in 

which keeping livestock can increase resilience and improve livelihoods, keeping livestock can 

also increase vulnerability and negatively impact livelihoods and wellbeing under certain 

circumstances (Perry 2009). 
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Figure 33. Positive and negative impacts of livestock on livelihoods. Solid arrows indicate a 

direct link; dashed arrows indicate an indirect link. Adapted from Perry (2009). 

Other Social and Cultural Links and Impacts 

Livestock keeping and production may also affect human health and wellbeing through other 

social and cultural impacts. In many societies livestock are considered an indicator of social 

importance within a community (Randolph 2007, Bettencourt 2015, FAO 2016). Animals that are 

given as gifts often play an important role in social relations and events, such as rites of passage, 

weddings, and funerals (Bettencourt 2015, FAO 2016). Dairy cattle and other livestock are also 

used as dowry or bride price in some communities (FAO 2006, Bettencourt 2015, FAO 2016). 

Additionally, animal sacrifice and the consumption of animal products frequently play a part in 

religious ceremonies around the world (Bettencourt 2015, FAO 2016).  

Certain livestock species and breeds are sometimes closely tied to the cultural identity of a people, 

as evidenced by their prominent roles in creation stories and oral histories (FAO 2016). Many 

livestock species and breeds are also associated with unique indigenous knowledge systems and 

management practices (FAO 2016). There are 16 United Nations Educational, Scientific and 

Cultural Organization (UNESCO) World Heritage Sites and three Globally Important Agricultural 

Heritage Systems that are directly linked to pastoral systems (FAO 2016). 

Farmland can also provide open space for recreation as well as valuable habitats for certain 

wildlife species. It may also add aesthetic value to some landscapes (Pretty 2000, Tegtmeier 

2004). Artists, writers, and philosophers throughout history have drawn inspiration from 
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landscapes, and livestock often play a crucial role in shaping the landscape (FAO 2016). Humans 

may have an innate tendency to seek interactions with nature and animals, also referred to as 

biophilia (Wilson, 1984). Traditions surrounding livestock keeping can also attract tourists and 

may provide the basis for eco- or agro-tourism activities (FAO 2016).  

2.6.2 Higher Income Nations and Regions 

Livestock production systems in higher income nations differ considerably from the smallholder 

systems typical in lower income nations. In higher income nations, fewer people are engaged in 

livestock keeping and production as long-term structural changes to the sector lead to 

consolidation (FAO 2006, Randolph 2007, Thornton 2010). The shift towards the intensification 

of livestock production systems is driven by economies of scale (FAO 2006). The shift is 

typically accompanied by an increase in the size of operations, which is usually achieved at the 

cost of forcing small and mid-sized producers out of business (FAO 2006). This trend has been 

witnessed globally and raises a number of social issues, including rural emigration and the 

concentration of wealth (FAO 2006).   

The shift towards larger operations specifically raises concerns about the vitality of rural 

communities. A review of community and socioeconomic issues associated with large agricultural 

operations, such as confined animal feeding operations (CAFOs), in the United States found that 

the economic concentration of agricultural operations tends to remove more money from rural 

communities than when there are more, smaller farming operations (Donham 2007). The review 

specifically stated that communities with more small owner-operated farms had “richer civic and 

social fabric with more retail purchases made locally and with income more equitably distributed 

(Donham 2007, pg. 317).” There may also be economic impacts at the household level. While 

farm profits generally increase with system intensity, in cases of extreme intensification, farm 

profit margins can decline as the cost of supplementary inputs rise (McCall 1999, Macdonald 

2011, Doole 2015).  

Efforts to control land development trends, such as urbanisation or the intensification of 

agricultural operations (e.g. the rise of CAFOs), can result in increases in local land use 

regulations (White 2000, Wu 2008). Land use regulation can take different forms, and traditional 

command and control approaches include zoning, density regulation, and other direct land use 

controls (Wu 2008). However, the introduction of land use regulations may have unintended 

socioeconomic consequences (Wu 2008). For example, studies conducted in the United States 

have shown there is a link between land use regulation and housing affordability (Cho 2003, Wu 

2008, Glaeser 2009). Specifically, land use regulation can lead to higher housing prices which can 

make housing less affordable for middle and lower income households (Cho 2003, Wu 2008, 
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Glaeser 2009). While it is not clear whether land use regulations specifically targeted at 

agricultural land use would impact housing affordability or availability, this concern requires 

further research and consideration, especially during policy development. 

While a number of the impacts associated with livestock production are markedly different in 

higher income regions, there are a number of impacts that may be common across regions. 

Livestock keeping and production provide economic opportunities around the world, including 

employment and income generation (FAO 2016), although there may be fewer opportunities in 

higher income regions due to intensification and consolidation within the sector (FAO 2006, 

Randolph 2007, Thornton 2010). Additionally, as in lower income regions, livestock production 

in higher income regions may be associated with benefits related to leisure, recreation, tourism, 

education, and inspiration opportunities (Pretty 2000, Tegtmeier 2004, FAO 2016).  

Global Summary 

Livestock keeping and production can indirectly influence public health through social, economic, 

and cultural impacts. However, the effects can vary considerably from lower to higher income 

nations, due in part to distinct livestock production system characteristics (FAO 2006, Randolph 

2007, Thornton 2010). In lower income nations, livestock, including dairy cattle, are a main 

component of wealth and can provide a variety of economic benefits (LID 1999, Owen 2005, 

Randolph 2007, Bettencourt 2015, Thumbi 2015). Furthermore, livestock keeping has become a 

common poverty reduction tool (Owen 2005, Perry 2009). Livestock can also confer social status 

and strengthen social networks and cultural ties (Randolph 2007, Bettencourt 2015, FAO 2016). 

By contrast, in higher income nations, fewer people tend to be engaged in livestock production 

(FAO 2006). Moreover, there is a trend towards consolidation and intensification that occurs as 

livestock operations aim to increase production and efficiency (FAO 2006, Randolph 2007, 

Thornton 2010).  

Generally, it is difficult to predict or quantify the complex linkages between livestock production; 

economic, social, and cultural impacts; and human health and wellbeing (Perry 2009). Overall, 

livestock keeping and production play an important role in economic stability and vitality at the 

individual, household, community, and national levels, in both lower and higher income regions. 

There are also important social and cultural impacts associated with dairy production, although it 

is difficult to determine the net effect on human health and wellbeing.  

New Zealand Summary 

New Zealand’s industrialised, albeit largely pastoral, dairy sector has experienced a trend towards 

the intensification and consolidation of farming operations (Smith 2004, MacLeod 2006), which 
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has also been observed in other higher income nations (FAO 2006, Randolph 2007, Thornton 

2010). The intensification and consolidation of dairy operations may have some negative social 

impacts, such as the consolidation of wealth and rural emigration (FAO 2006). However, in 

general, the New Zealand dairy sector provides an array of benefits for society, including 

providing employment opportunities; contributing to local, regional and national economies; and 

supporting rural vitality (Doole 2015).  

The dairy sector contributes approximately 3.5% or almost NZ$8 billion to New Zealand’s GDP; 

of which, around $6 billion is from dairy farming and almost $2 billion is attributable to dairy 

processing (NZIER 2017). Dairy is New Zealand’s largest export sector with average annual 

export revenue of NZ$14.4 billion (NZIER 2017). The dairy sector also accounts for more than 

one in four goods export dollars coming into New Zealand (NZIER 2017). Dairy farming is also 

very important to a number of regional economies. Overall, the sector accounts for 14.8% of 

Southland’s economy, 11.5% of the West Coast’s, 10.9% of Waikato’s, 8% of Taranaki’s, and 6% 

of Northland’s economy (NZIER 2017). Furthermore, the dairy industry draws on inputs from a 

number of different supporting industries, such as agricultural equipment, accounting and tax 

services, electricity, pharmaceutical products, and fertilisers and agrochemicals (NZIER 2017) 

The New Zealand dairy sector also provides jobs for more than 40,000 workers and dairy sector 

employment has grown more than twice as fast as total employment at an average of 3.7% per 

year since 2000 (NZIER 2017). Dairy farming provides more than one in five jobs in Waimate, 

Otorohanga, and Southland, and more than one in ten jobs in Matamata-Piako, South Taranaki, 

Hauraki, Waipa, South Waikato, Clutha, and Kaipara (NZIER 2017). Additionally, jobs in the 

dairy industry are often provide substantial wages, and the sector paid more than NZ$2 billion in 

wages to farm and processing workers in 2016 (NZIER 2017). The average annual wage for farm 

workers was NZ$46,640, while the average dairy processing wage was NZ$72,910 (NZIER 

2017).  

There is also evidence that the economic stability of the New Zealand agricultural sector, 

including the dairy industry, is directly linked to the vitality of rural communities. After 

agricultural subsidies were withdrawn in 1984, many sheep and beef cattle farmers were severely 

impacted and experienced serious financial strain (Walker 1994, Smith 2004). It is estimated that 

for every dollar not spent by farmers in the community, three dollars in community services were 

not spent and a number of rural businesses were forced to close (Walker 1994, Smith 2004). 

Furthermore, a decline in jobs was observed in rural areas from 1986 to 1991, particularly in 

regions such as Northland, Gisborne, and the West Coast (Smith 2004). The loss in jobs coincided 

with an “out migration” of young people (aged 15-24) from both rural and small urban areas 

throughout New Zealand (Smith 2004). Most of the movement was towards larger urban areas for 
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education or employment opportunities (Smith 2004). The areas that experienced the largest 

population declines tended to be those reliant on pastoral agriculture or forestry, such as 

Southland, Manawatu-Wanganui, Gisborne, and the West Coast (Smith 2004). Population 

declines in rural areas directly impacted the availability of a wide range of rural services and in 

combination with national economic policy changes led to the closure of a number of facilities 

including rural schools, hospitals, post offices, and retail services, as well as an overall decline in 

social infrastructure and community vitality (Smith 2004).  

2.7 Conclusions 

This review attempts to provide a comprehensive overview of the linkages between the dairy 

sector and public health. The search strategies used at the outset captured a wide variety of studies 

from around the globe, including reviews; descriptive epidemiological studies, including 

ecological, cross-sectional, case-control, and cohort designs; and experimental research. 

Additional reports and articles were identified for inclusion through forward and backward 

citation searching, and through supplemental searches. This review has attempted to present the 

breadth of evidence for both the positive and negative health effects associated with dairy 

production and consumption, and aimed to include a representative sample of articles from the 

relevant literature. Previous reviews have examined a single facet of the issue (e.g. bovine 

zoonoses), but have not examined the broad spectrum of potential effects. To the authors’ 

knowledge, this is the first review to examine the evidence for the full array of potential health 

impacts associated with dairy production and consumption (Figure 17). 

Specifically, this review identified zoonotic diseases; occupational hazards; direct and indirect 

environmental health impacts; antimicrobial resistance; foodborne hazards; diet-related harms and 

benefits; and indirect economic, social and cultural effects as important potential health impacts 

associated with dairy farming. However, the public health burden depends on population exposure 

pathways, which operate at multiple spatial and temporal scales. Some of the potential public 

health impacts associated with dairy farming are concentrated in occupational groups and 

communities directly exposed to dairy cattle and rural environments. Other impacts affect 

consumers of dairy products through food safety and nutritional pathways, while certain effects 

occur at a regional or global scale through processes that may promote emerging infectious 

diseases and climate change. New Zealand has an advanced, large-scale dairy sector that 

continues to intensify and increase production. Many of the potential impacts identified globally 

also apply to New Zealand.  
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2.7.1 Future Research 

Generally, the potential indirect health effects associated with dairy production have not been as 

widely researched as direct health effects and ecosystem health, economic, social, and cultural 

impacts are often overlooked. The causal linkages between dairy production; environmental 

changes, economic, social, and cultural impacts; and human health and wellbeing are complex 

and difficult to quantify (Corvalan 2005, Perry 2009, Ingram 2012). Additionally, the impacts of 

environmental change can be displaced in time and space and may be dependent upon a number 

of different modifying forces (Aron 2001, Corvalan 2005). However, the public health burden 

linked to indirect pathways may be substantial. For example, dairy production contributes to 

global climate change through the emission of GHGs, and climate change can severely impact 

human health, both in terms of direct health outcomes, including morbidity and mortality from 

extreme climate events (Corvalan 2005, IPCC 2014a) and indirectly through economic disruption; 

infrastructure damage; population displacement; loss of labor productivity; infectious disease risk 

alteration; changing availability of food, water, and materials; and other pathways (Corvalan 

2005, Foley 2005, McMichael 2006, Smith 2014). Further research is required to improve our 

understanding of how dairy production affects public health through indirect pathways.  

While occupational and foodborne hazards, and diet-related health harms and benefits have been 

more widely covered in the existing literature than other potential public health impacts, several 

knowledge gaps have been identified within those domains. Specifically, a number of 

epidemiological controversies were identified in the literature, such as the role of innate versus 

acquired immunity and questions about the etiologies of certain cancers and chronic disorders. A 

number of the identified knowledge gaps are highlighted below. 

While zoonotic diseases have been extensively covered in the literature, additional research is 

required to clarify the role of dairy cattle in human zoonotic disease risk and to ascertain the 

precise transmission pathways by which humans are exposed to zoonotic pathogens. Additionally, 

the role of innate versus acquired immunity in the epidemiology of specific zoonoses is not well 

understood (Rothman 2004, Swift 2004, Havelaar 2009) and requires additional research. 

Specifically, it has been hypothesized that long-term exposure to certain pathogens may confer a 

degree of immunity (Havelaar 2009). This would have important implications for occupational 

health, as many farm workers, veterinarians, and abattoir workers, and even rural communities, 

have frequent exposure to zoonotic pathogens (Havelaar 2009, Toth 2013, McDaniel 2014). 

Antimicrobial resistance also represents a potential human health concern on dairy farms (Call 

2008, Oliver 2011, Aitken 2016, Tripathi 2017). However, several knowledge gaps surrounding 

potential transmission routes between dairy cattle, humans, and the environment have been 
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identified (Burgess 2017). Specifically, more research is required on the prevalence of 

antimicrobial resistant pathogens carried by dairy cattle and the incidence of infection in humans 

who have had contact with dairy cattle (Burgess 2017). Assessment of risk factors and 

transmission pathways would also improve understanding of AMR on dairy farms (Burgess 

2017). 

Microbiological foodborne hazards associated with dairy consumption have also been well 

documented in the literature. However, questions remain about the public health burden of 

chemical and physical contaminants in milk and dairy products. Estimates for the number of 

illnesses caused by chemical agents are required for attribution studies. Additional research is also 

required to quantify the contribution of mycotoxins in milk and dairy products to the global 

burden of liver cancer. Furthermore, there are concerns that increased demand for animal feed and 

global climate change may lead to increases in mycotoxin occurrence in animal feed in some 

regions (Paterson 2010, van Asselt 2017). Therefore, projections of mycotoxin contamination of 

animal feed and subsequent human exposure through milk and dairy consumption under scenarios 

of climate change would help to predict future health risks and consequences.  

With regards to diet-related health harms and benefits associated with diary consumption, 

questions remain as to the role of dairy in the etiologies of certain cancers and chronic disorders. 

For example, naturally occurring hormones in milk may play a role in the etiology of certain 

forms of cancer (Pereira 2014, Malekinejad 2015). Specifically, hormones in milk and dairy 

products may act as endocrine disrupters and it has been hypothesized that exposure to steroid 

hormones through the consumption of milk and dairy products could promote the development of 

prostate, breast, and endometrial tumors (Malekinejad 2015). However, more research is needed 

to clarify the role of dairy consumption, and consequent exposure to steroid hormones, in the 

etiology of specific cancers (Malekinejad 2015). Additionally, dairy consumption has been 

associated with improved cognition (Yamada 2003, Crichton 2010, Crichton 2011, Park 2013, 

Hess 2016), but mechanism by which dairy provides protection against dementia is unknown 

(Yamada 2003, Crichton 2011, Kliem 2011) and more research is needed to determine how dairy 

consumption influences cognitive health. 

There are a number of questions that remain unresolved and future research should seek to 

expound upon the observed associations and clarify the potential linkages between dairy 

production and consumption and public health outcomes. Future research should also focus on 

regions heavily dependent on dairy farming, including both higher income areas with advanced, 

large-scale production systems and lower income regions in which dairy farming is a critical 

poverty reduction tool.  
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2.7.2 Implications 

The content of this review could be used to support improved decision-making for the future 

development of the dairy sector from a public health perspective. There are a number of different 

types of decisions that this review could inform, ranging from strategic planning for optimal 

levels of dairy production and consumption at national and global levels, to decisions about 

specific dairy conversion proposals compared with alternative land use options at national and 

regional levels. This review could also support decisions about the prioritisation of potential 

health hazards associated with the dairy sector; resource allocation for the management of specific 

hazards associated with dairy production and consumption; and the identification of knowledge 

gaps that require further research to improve understanding and management of public health 

hazards. Ideally, the decision-making process should include stakeholders who represent public 

health interests, and this review could support the broad consideration of such interests. 

Additionally, decision-making is often made in the context of alternative options, such as 

different farming systems, alternative land uses, and different management choices, and this 

review provides information that can assist in identifying the consequences of the available 

options. 

The impacts of dairy production will vary by the type of dairy farming system. The type of dairy 

farming system is, in turn, often related to a country’s economic development. Smallholder dairy 

farming systems are typical in many lower income nations, while in higher income nations there 

has been a shift towards large, industrial dairy operations (FAO 2006, Randolph 2007, Thornton 

2010). Small scale dairy farming will have very different impacts from industrial scale dairy 

production. 

A related consideration is the intensification of dairy production. In many parts of the world, dairy 

systems are undergoing rapid intensification, seeking to increase yields per unit area, typically 

through increased stocking rates and the use of off-farm inputs (FAO 2006). In areas where the 

current level of intensification is low, increases in dairy production may be easily accommodated 

by existing infrastructure. However, in areas where dairy farming has already intensified 

substantially, further attempts to increase production may contribute to a farming monoculture 

and undermine natural ecosystems (Aron 2001, Corvalan 2005, FAO 2006), as evidenced by the 

ongoing debate over optimal levels of dairy production and alternatives to intensification 

occurring in several countries, including the US and New Zealand (Baskaran 2009, Clay 2019). 

Overall, this review of the current evidence can provide a starting point for stakeholders involved 

in the development of strategies and management policies for the dairy sector. Developing 

policies that achieve balance between potential public health harms and benefits, and 
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environmental and socioeconomic impacts is challenging and requires an understanding of the 

major health risks and exposure pathways associated with dairy production and consumption. As 

the global dairy sector increases production, exposure to a range of hazards must be weighed with 

the potential benefits to food security, nutrition, livelihoods, and economic opportunities in 

different settings. Lower and higher income nations tend to have very different production 

systems and the range of harms and benefits associated with dairy production can vary 

substantially by region. Therefore, international policy should attempt to reflect the potentially 

divergent needs of both lower and higher income nations. 

2.7.3 The Importance of an Integrated Approach 

Decision makers need to take an integrated approach to considering complex policy questions, 

such as optimal development of the dairy sector. Agricultural production is inextricably linked to 

human health and the environment, and agricultural policy should not be approached with a silo 

mentality. Policies developed along conventional sectoral lines may not adequately address 

human health and environmental concerns. In order to address the potential public health impacts 

associated with dairy production and consumption, policy makers should consider cross-sectoral 

approaches that reflect the complexity of agricultural systems and look for innovative solutions 

that leverage multiple benefits. For example, researchers have identified potential global health 

and environmental benefits associated with reducing the proportion of animal-based foods in 

human diets (Springmann 2016, Willett 2019), especially in high income nations. Transitioning 

towards plant-based diets that align with dietary guidelines could reduce global mortality by six to 

ten percent, largely due to reductions in coronary heart disease, stroke, cancer, and type 2 diabetes 

related deaths (Springmann 2016). Such a shift would also reduce GHG emissions by 29-70% and 

could provide economic benefits of US$1-31 trillion (Springmann 2016). Policies that can affect 

dietary shifts merit further consideration by decision makers, as evidence indicates that large scale 

dietary change could have significant health, environmental, and economic benefits (Tilman 2014, 

Westhoek 2014, Springmann 2016, Willett 2019).  

The next chapter presents a review of available methods that can support decision-making 

processes by providing systematic assessments of the public health impacts of an agricultural 

system at varying spatial and temporal scales. 
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Chapter 3 

Methods for Assessing the Environmental Health Impacts of an 

Agricultural System – The Case of Dairy Farming in New 

Zealand 

3.1 Introduction 

Agricultural systems vary substantially by type of product, farming practices used, location, size, 

system ownership, and other factors (Hawkes 2006). While all farms have some impact on the 

environment and public health, the types and extent of impacts are likely to be different for different 

types of farms (D’Souza 1996). Local and subsistence agriculture generally involves small-scale 

mixing of crops and livestock, and the majority of production is used to support farm households or 

local communities, with little surplus (Bisht 2014). The smaller farms that typify local and 

subsistence agriculture are likely to have localised environmental health impacts and be more 

sustainable than large intensive or industrial farms (D’Souza 1996).  

Prevailing intensive or industrial agricultural methods, which typically depend on the use of off-farm 

inputs such as fossil fuels and agrichemicals (Waltner-Toews 2000, Horrigan 2002), raise serious 

environmental concerns beyond the local area where such operations are located (Horrigan 2002, 

Tilman 2002). Scenario-based assessments of agricultural intensification in Austria (Kirchner 2015), 

Germany (Gutzler 2015), and New Zealand (Basset-Mens 2009, Chobtang 2017a, Chobtang 2017b) 

have found that intensification may be accompanied by both adverse environmental and 

socioeconomic impacts. Global agricultural production is predicted to increase substantially over the 

coming decades (Tilman 2011, OECD 2016) and the potential environmental health risks that may 

accompany the rapid intensification of agricultural systems merit investigation. 

In the past few decades New Zealand has seen an economically driven increase in dairy production.  

However, little research has examined the potential environmental health effects of the continued 

intensification of dairy farming in the country. Dairy farming is associated with both positive and 

negative human health effects (Chapter 2). However, the impact of agricultural production on the 

environment and human health will depend on a number of different factors including farm location, 

scale of operations, production practices, and the vulnerability of the populations and ecosystems 

impacted (van der Werf 2002, Payraudeau 2005).  
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There are a number of different methods and tools available for examining the environmental impacts 

of an agricultural system. Reviews of the different methods have identified a wide variety of 

approaches, such as environmental risk mapping, life cycle assessment, environmental impact 

assessment, multi-agent system, linear programming, and agroenvironmental indicators (van der Werf 

2002, Payraudeau 2005). However, to the author’s knowledge, the methods available for assessing the 

potential public health impacts associated with an agricultural system have not been reviewed. The 

dairy industry in New Zealand provides an excellent case-study for examining available assessment 

tools, as the intensification of dairy farming is a complex issue in which economic, environmental, 

health, and social goals are often at odds. Additionally, this example represents a challenging scenario 

where more information is needed about the changing impacts of a rapidly changing, complex 

system. 

3.2 Chapter Aims 

This chapter provides a review of eight methods for conducting an environmental health assessment 

of an agricultural system. The term environmental health assessment is used broadly in this chapter to 

include direct impacts on  human health and wellbeing, as well as environmental and economic 

aspects that may indirectly influence public health. This chapter does not seek to identify methods 

that can be applied to specific environmental health hazards, but instead examines methods that can 

consider a broad array of impacts associated with agricultural systems. This chapter also does not 

intend to rank methods definitively, but provides a characterisation of method capabilities, strengths 

and limitations, and examples of their application. Reviewing the available methods helps to increase 

clarity and enhance understanding of specific methods and tools that may otherwise be inconsistently 

applied.  

This research was also propelled by the observation that economic forces and markets tend to drive 

environmental changes, with potential consequences for public health. There is an expectation from 

communities and the general public that policy-makers and regulators will balance economic benefits 

with environmental sustainability and human health and wellbeing considerations. This chapter seeks 

to identify useful tools for policy-makers at all levels of government, as well as scientific researchers, 

industry leaders, and other stakeholders. The dairy industry in New Zealand provides an excellent 

case-study for examining available assessment tools.  

Aims are (i) to identify environmental health assessment methods that allow for an examination of a 

broad array of impacts within a complex political and economic context; and (ii) to determine the 
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applicability of selected methods to an investigation of the health impacts of the dairy sector in New 

Zealand. 

3.3 Methods 

3.3.1 Search Strategy for Identification of Assessment Methods 

The electronic databases Medline, Scopus, Web of Science, and GreenLINE were searched for 

published literature that presented methods for conducting an assessment of the health or 

environmental impacts of an agricultural system. Literature consulted includes methods literature and 

the methods-relevant sections of selected empirical research reports. Key search terms included: 

environmental impacts, health impacts, or ecological impacts; and agricultural production, animal 

husbandry, dairy farming, or livestock production; combined with assessment, measurement, 

quantification, evaluation, calculation, or analysis. Articles in languages other than English were 

excluded. There were no restrictions on publication dates. The literature search was conducted 

between 11 and 12 July 2017. Search strategies are included in Appendix B.  

After searching each database, individual article titles were assessed to determine their relevance to 

the topic of this review. Articles that did not focus on direct human health or indirect environmental 

health impacts were excluded. Additionally, articles that examined multiple impacts were 

preferentially selected over those that focused on measuring or surveying a single potential hazard. 

Articles assessing the impacts of livestock production systems were preferentially selected when 

available. Several environmental health assessment methods were identified prior to the search and 

the additional methods were identified from the literature search. A wide variety of methods were 

selected to analyse the wide diversity of approaches, but this is not intended to be an exhaustive 

review.  

3.3.2 Categorisation & Description of Methods 

In the next stage of the study, selected empirical research reports were categorised according to the 

method used. Articles selected from the methods literature were also categorised by the method(s) or 

methodological family discussed. Each discrete method was then described according to key 

characteristics, including the development and intended aims. 

3.3.3 Comparison & Evaluation of Methods 

Following the characterisation of each method, the methods were evaluated according to several 

criteria (see below). The purpose, general process, included dimensions (economic, environmental, 
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and social), and strengths and limitations for the selected methods were considered with regard to the 

suitability and utility of each approach for assessing the potential impacts of an agricultural system.  

A number of other factors were also broadly considered: 

• Intended end users: (a) government officials, policy makers, regulators; (b) industrial 

officials, producers; (c) communities, consumers, patients; (d) researchers, scientists, 

physicians 

• Types of decisions supported: (a) assessing the impacts of products or processes; (b) 

assessing policies, programs, projects, or plans 

• Temporal scale: short-term impacts (e.g. weeks, months), long-term impacts (e.g. years) 

• Spatial scale: local, regional, national, international/global 

• Other considerations: time frame for conducting an analysis; ease of use (e.g. data 

requirements and technical expertise); management of uncertainty; utility of results (e.g. 

comparability, technicality of outputs, incorporation of scenario analysis) 

3.3.4 Appraisal of Application of Methods to the New Zealand Dairy Sector 

In the final stage, the methods were evaluated for applicability to an environmental health assessment 

of dairy farming in New Zealand. First, examples of the past use of each method for the assessment of 

agricultural systems was briefly reviewed. Then, the attributes of the methods were compared to the 

preferred components of an assessment of the New Zealand dairy sector. Ideally, a method for 

assessing the potential environmental health impacts associated with dairy farming in New Zealand 

should also include consideration of social and economic dimensions. The method would be applied 

at a national scale in order to inform national level policy, but should also allow for the examination 

of global, regional, or local level impacts where relevant. Furthermore, the method should also allow 

for the examination of potential future impacts and the analysis of different policy scenarios. 

Specifically, the results should be presented in a format suitable for presentation to government 

officials and should support policy change decisions. 

3.4 Results 

3.4.1 Article Selection & Identification of Assessment Methods 

A total of 1,437 papers were identified in the initial search (Figure 34). Ninety-seven duplicates were 

removed, leaving 1,340 articles. Following the screening of articles by title, 444 eligible articles 

remained. After the application of the selection criteria seventeen full-length articles were selected for 



 165 

inclusion in the review and an additional 35 reports and papers were identified through forward and 

back citation searching. In total, 52 articles, reports, and resources were included in the final review.  

 

Figure 34. Search strategy and article selection flow diagram. 

A review of the methods for assessing the environmental health impacts of an agricultural system 

reveals a diverse array of approaches. The approaches identified within the selected articles and 

reports could be classified into eight discrete methods for conducting an environmental health 

assessment: health risk assessment (HRA), health impact assessment (HIA), environmental impact 

assessment (EIA), the environmental burden of disease (EBD) approach, life cycle assessment (LCA), 

integrated assessment modeling (IAM), trade-off analysis (TOA), and economic assessment (EA; 

Table 7). While the approaches are broadly categorised into eight groups, environmental health 

impact assessment (EHIA) and strategic environmental assessment (SEA), which are methods that 

developed out of the EIA method, are also included in this review as method sub-types. Similarly, life 

cycle costing (LCC), which was developed out of the LCA method, is also included as a method sub-

type.  

 



 166 

Table 7. Identified methods applicable to assessing the environmental health impacts of an 
agricultural system and number of references included in review 

Method Number of 
References 
Included 

References 

(1) Health risk assessment 
(HRA) 

8 Baker 2007, EPA 2017, Jahne 2015, Kimman 
2013, Schoenbach 1987, Su 2013, Turdi 2016, 
WHO 2010 

(2) Health impact assessment 
(HIA) 

5 EPA 2013, Fehr 2012, Lock 2003, Tolosana 
2015, Wernham 2011 

(3a) Environmental impact 
assessment (EIA) 

6 Christensen 2006, FAO 1995, Heo 2014, 
Kørnøv 2009, Payraudeau 2005, WHO 2017a 

(3b) Environmental health 
impact assessment (EHIA) 

1 WHO 2017a 

(3c) Strategic environmental 
assessment (SEA) 

2 WHO 2017a, Fischer 2010 

(4) Environmental burden of 
disease (EBD) 

4 Prüss 2001, Prüss-Üstün 2003, WHO 2017c, 
Shrestha 2017 

(5a) Life cycle assessment 
(LCA) 

7 Baldini 2017, Curran 2013, de Vries 2010a, 
Payraudeau 2005, Tamburini 2015, Teillard 
2016, van der Werf 2007 

(5b) Life cycle costing (LCC) 3 Falcone 2016, Gluch 2004, Tamburini 2015 
(6) Integrated assessment 
modeling (IAM) 

9 CIESIN 1995, de Vries 2010b, Digas 2016, 
Ewert 2011, Kenny 2000, McCarthy 2001, 
Reilly 2013, Stehfest 2013, van Ittersum 2008 

(7) Trade-off analysis (TOA) 3 Klapwijk 2014, Stoorvogel 2004, Valdivia 
2012  

(8)  Economic assessment (EA) 8 Brethour 2001, Chatterton 2015, Florax 2005, 
Pretty 2000, Tegtmeier 2004, Travisi 2008, 
WHO 2017b, WHO 2012 

3.4.2 Description of Methods 

While this review was not intended to be exhaustive, the inclusion of eight discrete methods provides 

coverage of a wide range of approaches and showcases the diversity of available methods (Table 8). 

This review specifically focused on methods for the assessment of the environmental health impacts 

of an agricultural system. However, a number of the methods outlined here, can also be used to assess 

economic and social factors associated with agricultural production. Many of these factors are 

important determinants of health in their own right (Marmot 2008). Furthermore, in some cases it is 

possible to combine a number of different methods or tools in order to provide a more holistic view of 

an agricultural system. For example, economic methods and tools have frequently been integrated 

with other approaches.  
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In this section an overview of each selected method is presented (following the order shown in Tables 

7 and 8). However, the definitions given for each method in this review may not be universally 

accepted as they are based on a relatively small number of examples.  
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Table 8. Characteristics of methods applicable to assessing the environmental health impacts of 
an agricultural system 

Method Aim of Method Development 
(1) HRA To estimate the probability of 

adverse health effects in humans 
who may be exposed to a specific 
hazard 

Generally credited to Dr. Lewis C. Robbins who created the first health 
hazard charts (Schoenbach 1987); substantial involvement of Canadian 
and United States (US) government agencies in the 1970s and 1980s led 
to further development of HRA programs and tools (Schoenbach 1987) 

(2) HIA To assess the potential health 
impacts of a proposed policy, 
program, project, or plan; HIA is a 
predictive tool to support decisions 
in policymaking; the ultimate goal is 
to maximise health gains and reduce 
health inequities 

The HIA field grew out of environmental impact assessment and gained 
legitimacy following the publication of the Gothenburg Consensus 
Paper in 1999 by the World Health Organization (WHO), which 
outlined the main concepts and suggested approaches for conducting 
HIA (EPA 2013); numerous approaches and tools have been developed 
internationally (Fehr 2012) 

(3a) EIA To assess the potential 
environmental impacts of a proposed 
policy, program, project or plan 

EIA was formally developed in the US in 1969 with the enactment of 
the National Environmental Policy Act (Heo 2014) and in the European 
Union (EU) in 1985 with the issuance of EU Directive 85/337/EEC 
(Christensen 2006, Kørnøv 2009); the EU Directive indicated that EIA 
was intended to be used as a preventative regulatory tool and has since 
been used all over the world (Christensen 2006, Kørnøv 2009) 

(3b) EHIA To assess the potential 
environmental and health impacts of 
a proposed policy, program, project 
or plan 

Developed out of EIA, but includes a health component in the appraisal 
process; the analysis of health impacts is not as focused as with HIA 
(WHO 2017b) 

(3c) SEA To assess the potential 
environmental and health impacts of 
a proposed policy, program, project, 
or plan 

Developed out of EIA, but places emphasis on human health impact in 
addition to environmental impacts; is usually undertaken earlier in the 
decision-making process for proposals; the SEA method provides the 
opportunity for health to be thoroughly considered within an 
environmental assessment framework (WHO 2017b) 

(4) EBD To provide a quantitative estimate of 
the health impact (usually measured 
in disability adjusted life 
years/DALYs) that is attributable to 
an environmental exposure 

The first Global Burden of Disease (GBD) study was published in the 
early 1990s in a report commissioned by the World Bank and was 
conducted in a collaboration between the WHO and Harvard University 
Dept. of Public Health (WHO 2017d); the EBD method was developed 
out of the GBD approach in the late 1990s and early 2000s (Prüss 2001)  

(5a) LCA To assess the environmental impacts 
associated with all of the stages of a 
product’s life cycle  

First developed as a tool for manufacturing operations (Teillard 2016) 
and was later standardised by International Organization for 
Standardization in 2006 (Baldini 2017) 

(5b) LCC To assess the monetary costs and 
benefits associated with all of the 
stages of a product’s life cycle 

Developed out of the LCA methodology in a management accounting 
context as a tool for ranking investments (Gluch 2004, Falcone 2016); 
adopted by the US military in the mid-1960s and then applied to 
building assets (Gluch 2004) 

(6) IAM To assess the complex 
interrelationships between natural 
and social factors that underlie 
environmental problems, such as 
climate change 

The first major integrated assessment for an environmental issue may 
have been the Climatic Impact Assessment Program, which investigated 
potential atmospheric impacts of the proposed American supersonic 
transport aircraft in the early 1970s (CIESIN 1995); IAM was later used 
by the US Dept. of Energy in the late 1970s for a program to examine 
the potential impacts of climate change, and by the International 
Institute for Applied Systems Analysis in the early 1980s to model acid 
rain in Europe (CIESIN 1995). Recently, IAM have been used for global 
climate change and air pollution assessments and IAM results 
subsequently provided the basis for Intergovernmental Panel on Climate 
Change (IPCC) assessment reports (McCarthy 2001).  

(7) TOA To quantify the trade-offs within 
agricultural systems between 
environmental, economic, and other 
objectives 

The concept of analysing trade-offs is fundamental to economics, but 
TOA process was first proposed for use in providing quantitative 
information to support policy decision-making about agricultural 
production systems in the late 1990s (Stoorvogel 2004) 

(8)  EA To enumerate the potential costs and 
value potential benefits associated 
with a proposed policy, program or 
project 

There is not a harmonised methodology for estimating economic costs 
and benefits for the environmental health field; a number of different 
approaches have been used (WHO 2017c) 
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Health Risk Assessment 

Health risk assessment (HRA), which may also be referred to as environmental health risk 

assessment, is the process used to estimate the probability of adverse health effects in humans who 

may be exposed to a hazard (EPA 2017). HRA studies typically follow several different steps, 

including hazard identification and characterisation, dose-response assessment, exposure assessment, 

risk estimation or characterisation, and risk communication (Kimman 2013, EPA 2017). This basic 

framework is commonly used for conducting the quantitative aspects of other approaches such as 

HIA and EBD (Prüss-Üstün 2003, EPA 2013). HRA allows for the analysis of health hazards in an 

objective and quantifiable way, and helps to determine where to intervene, how to allocate funds for 

risk control activities, and can identify knowledge gaps (Kimman 2013). However, HRA cannot 

identify hazards or predict the emergence of new hazards; therefore this methodology is only useful if 

the hazard is identified correctly and if the model, parameters, and data are all appropriately selected 

(Kimman 2013). Furthermore, HRA cannot explicitly state how to respond to a health risk (although 

that function is typically part of subsequent risk management efforts), but it can indicate where to 

intervene (Kimman 2013). The approach is also limited in that it typically only examines one health 

hazard at a time (Kimman 2013) and it does not include environmental, social, or economic 

outcomes.  

Health Impact Assessment 
Health Impact Assessment (HIA) is a predictive tool used to judge the actual or potential impacts of a 

policy, program, or project on public health and the distribution of potential impacts within the 

population (Lock 2003, Wernham 2011, Tolosana 2015). An HIA is usually a multidisciplinary 

process that utilises a structured framework to examine a range of evidence about potential health 

impacts (Lock 2003). There is no fixed method for conducting an HIA, but it typically follows 

distinct screening, scoping, and appraisal stages (Lock 2003, Wernham 2011) and often draws upon 

the HRA approach to quantify specific exposures (EPA 2013).  HIA is most commonly applied to 

decisions made outside of the health sector and focuses on multiple determinants and dimensions of 

health, including a range of socioeconomic impacts (Wernham 2011).  The ultimate goal of an HIA 

study is typically to create evidence-based recommendations that minimise negative health effects 

and maximise health benefits (Lock 2003, Wernham 2011, Tolosana 2015).  

HIA has developed in two distinct contexts (Wernham 2011). First, governments and international 

institutions have led efforts to incorporate health considerations more broadly into the Environmental 

Impact Assessment (EIA) approach (discussed below) (Wernham 2011). The HIA approach and 
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framework have been directly derived from EIA, but HIA was developed specifically because the 

EIA framework does not focus on health outcomes (Tolosana 2015). EIA commonly uses a 

biophysical health model which mainly focuses on environmental determinants like air quality and 

water pollution, whereas HIA attempts to incorporate the social determinants of health (Tolosana 

2015). Second, the use of HIA has grown as part of efforts to include health goals more explicitly in 

social policy and urban planning (Wernham 2011). HIA provides a promising framework to 

incorporate health based design principles into land use planning decisions (Wernham 2011).  

Key issues for the implementation of HIA relate to funding and training (Lock 2003, Wernham 2011). 

Assessments of larger and more complex proposals can require significant time, funding, and 

technical expertise (Lock 2003, Wernham 2011). Some of the other challenges involved in 

conducting an HIA include questions about the timing; if an HIA is attempted at too early a stage in 

the development of a proposal, then the policies or projects may still be too vague to allow for a 

strong assessment (Lock 2003). Conversely, if an HIA is conducted too late it will have limited 

ability to affect change and influence decisions (Lock 2003). Another issue for intersectoral HIA 

studies is that the causal pathways for potential impacts can be very complex and the current evidence 

base may not be strong enough to assess specific policy options (Lock 2003). However, one of the 

major strengths of HIA is that it can include health, environmental, social, and economic dimensions 

and can facilitate the consideration of public health across policy sectors (Lock 2003). Additionally, 

HIA benefits from stakeholder involvement, which allows those who might experience potential 

impacts to provide feedback and insight (Lock 2003).  

Environmental Impact Assessment Methods 
Environmental Impact Assessment 

Environmental impact assessment (EIA) was established in the United States in 1969, but has since 

been used around the world (Heo 2014). EIA has been used to explore the effects of policies, 

programs, and projects on the environment, and in many countries, there are statutory requirements 

that EIA be undertaken for new policies or projects (WHO 2017b). However, EIA policies and 

legislation have excluded agricultural sectors in many countries, despite the fact that agricultural 

projects and development have direct impacts on the environment (Heo 2014).  EIA can be used as a 

predictive tool and allows for the identification and assessment of the environmental and 

socioeconomic effects of policies or projects (Heo 2014). However, EIA doesn’t typically include an 

assessment of the potential health impacts of a proposal and those EIA studies that have included a 

health component tend to be narrowly focused (WHO 2017b). Engagement with stakeholders is 

considered a critical part of the EIA process and can increase public awareness, help to correct 
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misconceptions, and inform decision-makers about potential or perceived impacts (Heo 2014). EIAs 

generally seek to minimise environmental damage and guide sustainable development (Kørnøv 2009, 

Heo 2014). However, EIAs that are required by governments can be considered inconvenient by 

companies, producers, or stakeholders that would prefer to avoid the additional administrative costs 

associated with conducting an assessment (Kørnøv 2009, Heo 2014).  

Environmental Health Impact Assessment 

An environmental health impact assessment (EHIA) is an EIA that includes an assessment of health 

impacts in addition to environmental impacts (WHO 2017b). The analysis of health issues is typically 

not as comprehensive as in an HIA, with health impacts included only as a single component in the 

assessment (WHO 2017b). Additionally, health impact analysis within an EHIA may only include 

health impacts that are easily quantified, such as chemical exposures (WHO 2017b).  

Strategic Environmental Assessment 

A strategic environmental assessment (SEA)  is typically undertaken earlier in the decision-making 

process for proposals than EIA or EHIA (WHO 2017b). SEA, as defined by European Directive 

42/EC/2001 and the United Nations’ Economic Commission for Europe (UNECE) protocol, must 

place an emphasis on human health (Fischer 2010) and should include thorough consideration of 

health impacts in addition to environmental impacts. A review of SEA studies found that many 

considered health impacts related to natural or physical factors, but social and behavioural aspects 

were rarely included (Fischer 2010). Generally, SEA provides a framework that could allow for 

health to be fully considered within an environmental assessment (WHO 2017b).  

Environmental Burden of Disease 
The Environmental Burden of Disease (EBD) approach assesses the disease burden attributable to 

environmental risk factors (Prüss-Üstün 2003). While quantitative environmental health assessment 

studies have traditionally focused on single risk factors, the EBD approach allows for the assessment 

of the health impacts of multiple different environmental risk factors and for the analysis of different 

scenarios of environmental change (Prüss-Üstün 2003).The evaluation of the disease burden of a risk 

factor requires the estimation of the harmful effects of that risk factor on human health and the 

distribution of harmful effects in the study population (Prüss-Üstün 2003). Generally, it is 

recommended that EBD studies use a causal web for the comparative quantification of health risks 

(Prüss 2001). Causal webs are models that link distal and proximal risk factors in a causal inference 

cascade (Prüss 2001). Distal and proximal causes may interact with each other and with health 

outcomes and a causal web allows for the assignment of mathematical functions to individual links 
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(Prüss 2001). The results of burden of disease studies are usually measured in terms of deaths and 

disability-adjusted life years (DALYs) (Prüss-Üstün 2003). 

Two general approaches can be used to assess the environmental burden of disease: an exposure-

based approach and an outcome-based approach (Prüss 2001). The exposure-based approach 

estimates the disease burden based on the distribution of an exposure in the population and is 

calculated by combining population exposures with appropriate dose-response relationships (Prüss 

2001), similar to HRA. The outcome-based approach is based on the fraction of disease burden that is 

attributable to a specific risk factor (Prüss 2001). The outcome-based approach calculates the disease 

burden by combining an attributable fraction with the disease burden of a specific health outcome 

(Prüss 2001). Both approaches share the same underlying assumptions with regard to the links 

between health and the environment (Prüss 2001). However, diseases that are primarily associated 

with a single risk factor are best suited to assessment using the outcome-based approach, while risk 

factors that can result in multiple diverse health outcomes are usually better suited to assessment 

using the exposure-based approach (Prüss 2001).  

The EBD approach carries with it certain challenges. First, it is impossible to include all aspects of 

risk in an EBD study (Prüss-Üstün 2003). Second, complex causal pathways may have to be 

simplified for calculation and, in many cases, the data supporting environmental health links is of 

variable quality (Prüss 2001, Prüss-Üstün 2003). Some EBD studies do not attempt to model the 

complex interactions between environmental health factors (e.g. the impacts of exposure to two 

pollutants may be higher when both are present together than when exposure occurs separately) and 

treat pollutants individually rather than considering joint effects (Prüss-Üstün 2003). Another 

challenge associated with linking environmental exposures to health impacts in EBD studies, is that 

alternative scenarios may need to be specified for certain environmental risk factors, which can 

increase the complexity of the study (Prüss 2001). It can also be difficult to select adequate indicators 

for estimating the burden of disease as they must balance feasibility with precision and validity (Prüss 

2001).  

Despite the challenges associated with conducting an EBD assessment, the outcomes can be used to 

inform policy and strategy in the health and environmental sectors, monitor health risks, and analyse 

the effectiveness of interventions (Prüss-Üstün 2003). The standardisation of the EBD approach also 

allows for estimates from different studies and sources to be compared (Prüss-Üstün 2003). 

Additionally, it is possible to project exposures into the future and estimate trends in the 

environmental burden of disease, even if there is an extended time lag between exposure and the 
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onset of disease (Prüss-Üstün 2003). Furthermore, EBD studies do not necessarily entail high costs 

and the calculations can be relatively simple once the exposure and health outcome data have been 

collected and compiled in a suitable format (Prüss-Üstün 2003).  

Lifecycle Methods 
Lifecycle Assessment 

Lifecycle assessment (LCA) is an internationally regulated approach that aims to quantify multiple 

potential environmental impacts for a product, taking into account the whole lifecycle of the product 

from raw material extraction to final disposal (van der Werf 2007, de Vries 2010a, Teillard 2016, 

Baldini 2017). It is frequently used by companies and policy-makers to aid in decision-making 

(Teillard 2016).  

The LCA approach allows for the use of two different modeling principles for system analysis: 

attributional or consequential (Baldini 2017). Attributional modeling is more widely used because it 

is easier to apply (Baldini 2017). LCA studies can either be used to describe a single system or to 

compare different systems (Baldini 2017). The LCA approach, as defined by the International 

Organization of Standardization (ISO 14040 and 14044), involves goal and scope definition, 

inventory assessment, impact assessment, and the interpretation of results (Baldini 2017).  

LCA studies begin with the selection of system boundaries, which determine the processes that will 

be included (Teillard 2016). An LCA study will ideally include all aspects of product development 

from cradle to grave (Tamburini 2015, Baldini 2017). However, many studies focus on specific stages 

of the production chain in order to simplify the analysis (Baldini 2017). Many LCA studies 

investigating the impacts of milk production, or the development of other animal-based food 

products, choose to examine the potential impacts from cradle to farm-gate (Baldini 2017). This 

scope allows for a better understanding of the potential environmental hot spots on farms (Baldini 

2017).  

Following the selection of system boundaries, researchers must then identify the functional unit. The 

functional unit is a quantifiable measure of the system and provides a reference for system inputs and 

outputs (de Vries 2010a, Teillard 2016). The selection of a functional unit is a controversial aspect of 

the LCA approach, especially when the method is applied to milk production (Baldini 2017). The 

functional unit can be defined per product unit or per land area, and choosing to express 

environmental outputs per kilogram of product or per hectare of land can significantly alter the results 

of an LCA (Tamburini 2015, Baldini 2017). 
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Next, an LCA study involves an inventory analysis phase, in which the resources consumed and the 

emissions to the environment are listed (van der Werf 2007). For an LCA of an agricultural 

production system this includes both on farm emissions and emissions related to the delivery of 

inputs to a farm (van der Werf 2007). Data collection for the inventory analysis phase is typically the 

most time consuming part of an LCA study (Baldini 2017). Most LCA studies of milk production 

include purchased feed, mineral fertilisers, fossil fuels, pesticides, replacement animals, transportation 

of inputs to the farm, and animal bedding materials (Baldini 2017). Capital goods (e.g. infrastructure 

and machinery) and veterinary drugs are rarely included in these studies due to a lack of data and 

heterogeneity between farms (Baldini 2017). The handling of coproducts, such as beef on a dairy 

farm, is also an unresolved issue for the LCA approach (Baldini 2017). Additionally, several 

emerging issues for agricultural production systems are not typically incorporated into LCA studies, 

such as biodiversity loss, land use change, and water consumption (Baldini 2017). 

Following the inventory analysis phase, the potential environmental impacts are calculated based on 

characterisation models that describe the environmental mechanism that links inventory data to an 

indicator (van der Werf 2007, Teillard 2016, Baldini 2017). Characterisation models can be at either a 

regional or a global scale (Baldini 2017). Impacts are calculated by multiplying the aggregate 

resources used and emissions produced by a characterisation factor for each impact category to which 

it may contribute (van der Werf 2007). LCA studies can examine a number of different impacts, and 

some of the most commonly included are global warming potential, acidification potential, 

eutrophication potential, energy use, and land use (Baldini 2017). Some studies have also examined 

ecotoxicity, ozone formation, human toxicity, ozone depletion, cumulative energy consumption, 

water depletion, and abiotic depletion (Tamburini 2015, Baldini 2017). The LCA approach allows for 

an assessment of trade-offs and provides scope for those seeking to improve production practices 

(Baldini 2017). One of the greatest strengths of the LCA approach is the system perspective; a broad 

perspective prevents the shifting of burdens from one environmental impact to another or from one 

stage of production to another (Baldini 2017). LCA also has the potential to include social 

dimensions, although attempts to do so have been inconsistent (Tamburini 2015). 

Lifecycle Costing 

Lifecycle costing (LCC) is borne from the same methodological family as LCA and is the most 

common economic tool used jointly with LCA (Tamburini 2015, Falcone 2016). LCC allows for an 

assessment of all costs incurred throughout the entire production process, from resource extraction to 

final disposal (Falcone 2016). LCC was developed in a management accounting context as a tool for 

ranking investment alternatives, with the primary goal of identifying the main cost factors on which 
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business management should focus in order to optimise economic performance (Falcone 2016). LCC 

is not standardised like LCA, but recently different procedures and standards have been developed in 

an attempt to harmonise the method (Falcone 2016). Many LCC approaches are based on cash flow 

models in which future costs are actualised to their present value (Falcone 2016). Unlike many 

conventional cost analysis methods, LCC is able to capture hidden costs that are usually overlooked 

without examining the full lifecycle (Tamburini 2015). 

Despite the fact that both LCA and LCC are lifecycle methods, they can be difficult to integrate due 

to difference in purpose, system boundaries, flows accounting, and timeframe (Falcone 2016). LCA 

considers all processes connected to the physical lifecycle of a product from a multiple stakeholder 

perspective, while LCC considers all activities causing cost and benefit monetary flows during a 

product’s lifetime from a single stakeholder perspective (Tamburini 2015, Falcone 2016). LCC can be 

integrated with LCA through the creation of a common database, using the same functional unit and 

system boundaries, and assessing physical flows in monetary terms (Falcone 2016). 

Integrated Assessment Models 
Integrated assessment modeling was developed in an effort to capture complex multi-scale or multi-

dimensional problems (Ewert 2011). Integrated Assessment Models (IAM) are mathematical 

computer models based on explicit assumptions about how a modelled system behaves (CIESIN 

1995). IAM incorporate a number of different sub-models or meta-models, often from different fields 

of study, which represent different components and organisational levels of a complex system into a 

single framework that allows for the transdisciplinary assessment of environmental and 

socioeconomic factors and impacts (CIESIN 1995, Ewert 2011). IAM typically attempt to quantify 

cause-effect relationships for a given problem, to the extent possible, as well as the cross-linkages and 

interactions between different factors (CIESIN 1995). IAM studies are usually undertaken to provide 

useful information to decision-makers and they bring together a number of different methods, tools, 

and research styles that would not typically be included in a study of the same issue within a single 

research discipline (CIESIN 1995). Furthermore, the outputs of IAM can often be linked with other 

approaches, such as HRA, or serve as complementary analyses (McCarthy 2001). For example, IAM 

have frequently been applied to assessments of the impacts related to air pollution and climate change 

(CIESIN 1995, McCarthy 2001).  

One strength of integrated assessment modeling is that it can be conducted at various spatial and 

temporal scales, which can allow for time-dependent analysis of impacts and the examination of 

spatial changes over time (Kenny 2000). Additionally, IAM can incorporate multiple dimensions, 
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including environmental, social and economic aspects (van Ittersum 2008, Ewert 2011). IAM are also 

useful for organising knowledge about an issue, understanding uncertainties, identifying knowledge 

gaps, and informing decisions about potential impacts and options for response (CIESIN 1995). 

However, IAM are not prescriptive and results usually have a high degree of uncertainty (CIESIN 

1995). IAM can provide general insights and inform the debate about how to respond, but, like all 

models, IAM are constrained by the quality of the assumptions that underlie the model (CIESIN 

1995).  

Trade-off Analysis 
Trade-off Analysis (TOA) is a multidisciplinary method that typically links site-specific 

environmental process models with economic decision models in order to examine the trade-offs 

between economic and environmental indicators (Stoorvogel 2004, Valdivia 2012). The steps for 

conducting a TOA usually include: (i) identification of critical dimensions (i.e. sustainability 

indicators) by stakeholders and scientists, (ii) formulation of hypotheses regarding the relationships 

between sustainability indicators and the definition of trade-off curves, (iii) identification of policy 

and technical interventions that could shift the defined trade-off curves, (iv) quantitative simulation of 

sustainability indicators under predefined scenarios, and (v) communication of results (Stoorvogel 

2004). Quantitative simulations can be carried out at various spatial and temporal scales for different 

processes as appropriate, but in order to provide useful information to policy-makers the simulations 

must be carried out for a sample that is representative for relevant populations (Stoorvogel 2004). 

TOA studies can include human health effects and can be used to show the potential trade-offs 

between economic and environmental health outcomes (Stoorvogel 2004). However, this approach 

has traditionally only been used to examine environmental and economic outcomes, not health or 

social impacts (Stoorvogel 2004).  

A major criticism of the TOA method is that the practical relevance of the models is often too limited 

(Klapwijk 2014). For example, TOA models may not sufficiently account for different stakeholder 

perspectives or the broader policy environment (Klapwijk 2014). Additionally, many TOA studies 

fail to adequately integrate interdisciplinary content (Klapwijk 2014). For example, optimisation 

approaches are particularly useful for assessing interventions, but are limited in their ability to 

incorporate social or cultural factors (Klapwijk 2014). Furthermore, many TOA studies don’t realise 

the full potential of assessing impacts across different spatial scales or include an appropriate 

representation of uncertainty (Klapwijk 2014). However, the utility of the TOA method could be 

improved by using a combination of approaches (Klapwijk 2014).  
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Economic Assessment 
An economic assessment (EA) can enumerate the potential costs and benefits of a proposed policy, 

program, initiative, or intervention. The economic valuation of proposals is critical because in many 

cases the environmental and health impacts will not be fully considered in policy-making without 

economic estimates (WHO 2017c). Some EAs can be very technical, but there are a number of tools 

for rapid or participatory assessments that can be easier to use (WHO 2017c). While there are a 

variety of different tools available for conducting an EA, most tools follow the same steps:  

identification, measurement, valuation, and comparison of costs (WHO 2012b). EA can be carried out 

at the individual level, for an industry or production sector, or for different geographic regions (WHO 

2012b). The scale used will determine which costs and benefits will be included in an assessment 

(WHO 2012b).  

Economic Valuation Methods 

Stated preference and revealed preference methods are approaches commonly used to estimate 

economic values (WHO 2012b). Stated preference methods rely on survey data in which individuals’ 

responses to questions about hypothetical markets or choices convey information about preferences 

(WHO 2012b). Two different methods have been used for the stated preference approach: contingent 

valuation and choice modeling (WHO 2012b). The contingent valuation method uses a survey to ask 

individuals about their willingness to pay for a single specific change (WHO 2012b). Choice 

modeling also relies on survey data, but the questionnaire will typically include a series of questions 

with two or more answer options; analysts can then see how respondents value different 

characteristics that define different experiences by varying the answer options presented in the survey 

(WHO 2012b). This method permits the valuation of incremental changes in attributes and is most 

appropriate for projects or policies that affect the individual aspects of a resource (WHO 2012b). 

Revealed preference methods infer values from individuals’ market choices regarding goods and 

services related to the ones being investigated (WHO 2012b).  

Existing economic value estimates from previous studies can also be used to transpose monetary 

values estimated in one location to another location using the benefits transfer approach (WHO 

2012b). Additionally, the travel cost method can be used for estimating the economic value of goods 

or services that are difficult to determine (WHO 2012b). This method uses the costs incurred in 

reaching a location where goods or services can be obtained as a proxy for the value of those goods or 

services (WHO 2012b). However, this method can be data intensive, especially when it relies on 

individual or household level travel behaviours and associated costs (WHO 2012b). The method also 
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relies on the assumption that the good or service obtained was an important determinant of travel 

behaviour (WHO 2012b).  

Human wellbeing is an intangible concept that cannot directly be measured and therefore economists 

often use willingness to pay (WTP) as a general single-scale composite indicator in order to define 

economic value in terms of economic behaviour in the context of supply and demand (WHO 2012b). 

In other words, WTP is the maximum amount of goods, services, or money that an individual is 

willing to give up in order to obtain an outcome that increases their personal wellbeing or welfare 

(WHO 2012b). 

Measuring Costs 

There are several different approaches that are commonly used to measure the costs of policies, 

actions, or interventions (WHO 2012b). The engineering analysis approach estimates the cost of an 

action for each step involved with implementation, this approach is often the simplest to understand 

and use (WHO 2012b). The cost survey approach attempts to measure the costs of an action through 

surveys of relevant stakeholders (WHO 2012b). One strength of this approach is that it considers the 

actual costs to individuals in practice. However, this approach is reliant on the quality of the survey 

and the quality of the responses (WHO 2012b). Econometric estimates can be made at individual, 

sectoral, national, and international levels (WHO 2012b). This approach controls for other important 

variables, as well as effects on trade and other markets and sectors (WHO 2012b). However, 

econometric estimates can be data-intensive and time-consuming depending on the sophistication of 

the model used (WHO 2012b).  

Measuring Benefits 

There are two different approaches for estimating the economic value of potential health benefits: the 

damage function approach and the cost-of-illness approach (WHO 2012b). The quantification or 

valuation of benefits associated with an action or intervention using the damage function approach 

involves the identification of economically meaningful health impacts, identification and estimation 

of the expected change in health effect from the action or from alternative scenarios, and the 

estimation of the change in incidence of the health effect in the exposed population (WHO 2012b). 

This approach requires the estimation of the economic value of adverse health effects avoided, and 

this unit value is then multiplied by the reduced incidence in the population in order to derive the 

monetised benefits (WHO 2012b). On the other hand, the cost-of-illness approach combines 

estimated health care costs and work loss to determine the economic value of health benefits 

associated with a policy, programme, or project (WHO 2012b). However, this approach doesn’t 
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include other social or economic costs and thus doesn’t reflect the total impact of an action or 

intervention on human wellbeing (WHO 2012b).  

Other benefits, beyond those directly related to health should also be considered in a comprehensive 

assessment and may need to be included in an estimation of the Total Economic Value (WHO 

2012b). Benefit valuation methods all follow the same basic steps: (i) identification of goods and 

services, (ii) assessment of provision or target level compared with baseline, (iii) identification of 

populations that benefit from the goods or services or suffer a loss when they are degraded, (iv) 

identification of possible values attributed to goods and services by the groups of people affected, (v) 

selection of an appropriate economic valuation method, (vi) estimation of the economic value or the 

change in provision level of goods and services, (vii) quantification of market size or the total 

population of beneficiaries over which the economic value is aggregated, accounting for possible 

distance-decay effects, and (viii) estimation of the Total Economic Value (WHO 2012b).  

Economic Valuation Methods for an Intervention or Alternative Scenarios 

Cost/Benefit Analysis (CBA)  is a systematic assessment in which the benefits of an action are 

contrasted with the associated opportunity costs within a common framework (WHO 2012b). CBA 

typically follows these steps: (i) definition of the objective, (ii) definition of the baseline scenario, (iii) 

definition of alternative options or scenarios, (iv) quantification of investment costs for each option as 

compared with baseline, (v) identification and quantification of both the positive and negative effects 

of each option as compared with baseline, (vi) calculation of present value of costs and benefits 

occurring at different points in time, (vii) calculation of the net present value or the cost/benefit ratio 

for each option, and (viii) implementation of a sensitivity analysis (WHO 2012b). The 

implementation of a CBA is usually a multidisciplinary exercise that requires expertise from 

economists, policy-makers, and scientists (WHO 2012b). It is generally preferable that all costs and 

benefits included in a CBA be quantified in monetary terms, but this is not always possible (WHO 

2012b). In such cases, non-monetised impacts can still be discussed qualitatively and accompany 

CBA results (WHO 2012b).  

Cost-effectiveness Analysis (CEA)  is used to identify the most cost-effective option for achieving a 

previously defined objective that can’t be measured in monetary term (e.g. certain health outcomes) 

(WHO 2012b). CEA is useful in situations where potential benefits or alternative options can’t be 

reliably estimated (WHO 2012b). However, CEA is limited by its inability to identify benefits or 

society’s willingness to pay for changes or improvements. CEA usually entails the following steps: (i) 

definition of the objective, (ii) determination of the extent to which the objective is met (i.e. how 
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much progress has been made towards the goal already?), (iii) identification of current and future 

impacts over a set time frame, (iv) identification of measures to move from baseline to target 

situation, (v) assessment of effectiveness of each measure, (vi) assessment of the cost of each 

measure, (vii) ranking of the measures in terms of increasing unit costs, and (viii) selection of a 

measure (WHO 2012b). There are a number of different tools and approaches that can be used to 

carry out a CEA, depending on the level of complexity and the scale (WHO 2012b).  

3.4.3 Comparison & Evaluation of Methods 

This section presents a somewhat subjective comparison and evaluation of the selected methods. The 

conclusions drawn here are tentative and based on a limited number of examples. However, this 

section serves as a starting point for the selection of an existing method or the creation of new 

methods for the assessment of an agricultural system. Specifically, this comparison serves to inform 

the selection of an assessment method to examine the impacts associated with dairy farming in New 

Zealand.  

Dimensions 
Generally, methods that combine several objectives are better suited to an evaluation of the 

environmental health impacts of agricultural production activities than single criterion approaches. To 

be suitable for use in an assessment of the environmental health impacts of an agricultural system, the 

assessment method should integrate not only human health and environmental objectives, but also 

social justice and economic viability. Only four of the methods and sub-methods reviewed here set 

out to make a complete analysis of health impacts (HRA, HIA, SEA, EBD; Figure 35). However, the 

health dimension is considered to a minor degree by four other methods (EIA, EHIA, LCA, TOA; 

Figure 35). All but three of the methods reviewed here (HRA, LCC, EA; Figure 35) identify 

environmental objectives and impacts, while only five consider an economic dimension (HIA, LCC, 

IAM, TOA, EA; Figure 35). Social objectives and impacts are only fully considered by HIA and 

IAM, although the LCA approach has the potential to more thoroughly incorporate consideration of 

social aspects (Tamburini 2015).  

While only HIA considers economic, environmental, health, and social dimensions, a number of other 

methods can be combined to provide additional coverage of different dimensions. For example, LCC 

can be combined with LCA, and together the methods could provide consideration of economic and 

environmental dimensions, as well as health to a minor degree. Additionally, an EA could be 

conducted as part of an SEA study; when combined these methods could provide thorough 

consideration of economic, environmental, and health objectives and impacts. Generally, most 
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assessment methods reviewed here could be strengthened by combining multiple approaches and 

allowing for the consideration of multiple dimensions, which would provide a more holistic view of 

an agricultural system.  

Intended End Users & Decision Types Supported 
The variability in assessment methods may be explained, in part, by the different objectives of various 

end users. All of the methods included in this review have been used to provide information to policy-

makers at various levels of government and each assessment could be used to inform both sector-

specific and government-wide regulators (CIESIN 1995, FAO 1995, Stoorvogel 2004, EPA 2013, 

Heo 2014, EPA 2017, WHO 2017c). However, several have targeted other audiences (Figure 35), 

based on the specific goals of the assessment. The target audience for HRA studies has historically 

been physicians and patients (Schoenbach 1987), but the method is now more widely used by 

government agencies to characterise the nature and magnitude of health risks from environmental 

contaminants (Schoenbach 1987, Baker 2007a, EPA 2017). The target audience for HIA, EIA, EHIA, 

SEA, and EA studies is often government officials (FAO 1995, EPA 2013, WHO 2017c, WHO 

2017b). LCA and LCC studies frequently target government officials, but studies have also been 

completed for companies and industrial sectors (Gluch 2004, Curran 2013, Falcone 2016). IAM 

studies have been used to inform the scientific community and the general public (CIESIN 1995) and 

subsequently policymakers (e.g. Intergovernmental Panel on Climate Change assessment reports) 

(McCarthy 2001), while TOA studies have targeted agricultural producers, consumers, researchers, 

and the general public (Klapwijk 2014).  

Spatial & Temporal Scale 
All of the methods reviewed, except for LCA, can be used to examine both short- and long-term 

effects. The lifecycle in LCA doesn’t represent a specific time period as it does in LCC, it instead 

represents a physical chain of material flows related to a product (Gluch 2004, Curran 2013). LCA 

extends a product in time and space and the data are often aggregated in a form that restricts 

information about the location and temporal course of emissions (Curran 2013).  

LCA characterisation factors can be at regional, national, and global scales, but most LCA studies do 

not specify the geographic scale of emissions or outputs (Baldini 2017). LCC studies also rarely 

specify a geographic scale for analysis as they aim to translate impacts into a one-dimensional 

monetary unit (Gluch 2004). HRA studies are also not always spatially explicit, but HRA studies that 

include a spatial analysis are often at local or regional scales (WHO 2010). Similarly, HIA studies do 

not always include a spatial analysis, but can be conducted at various scales (Tolosana 2015). 
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However, local level data are generally more difficult to obtain (EPA 2013, Tolosana 2015). EIA, 

EHIA, SEA, EBD, IAM, and EA studies can also include spatial analyses at varying scales. TOA 

studies for agricultural systems are typically conducted at a farm scale or for a farming region, 

although the TOA approach does have the potential to assess impacts across different spatial scales 

(Klapwijk 2014). 

Time Frame and Ease of Use 
The time frames for the selected assessment methods are often lengthy and the data and resource 

requirements (e.g. technical expertise, funding) are important factors in both the time requirement and 

the ease of use for a method. In most cases there are no set time frames for each approach, but 

typically a more robust assessment takes longer, while an assessment with a narrower scope can be 

completed more quickly.  

A comprehensive HRA study can take years to complete (EPA 2017). However, in 1980, the U.S. 

Centers for Disease Control and Prevention (CDC) released a publicly available HRA software, 

which was later replaced by a new software developed in collaboration with the Carter Center at 

Emory University (Baker 2007a). The availability of HRA software seems to have played a key role 

in facilitating the rapid implementation of HRA studies (Baker 2007a). The HRA approach relies on 

data from statistically controlled clinical studies, epidemiological studies, or animal studies if data 

from human research is unavailable (EPA 2017). 

An HIA study can also take years to complete, although smaller assessments can be conducted over 

the course of weeks or months (Wernham 2011, EPA 2013). Different data are required depending on 

the focus of an HIA study and whether it is being conducted to examine a proposed project or a policy 

(EPA 2013). HIA studies often incorporate data from different sources including literature review, 

policy review, community consultation, demographic data, and health data (EPA 2013). Benchmarks 

and indicators are also commonly used in HIA studies (EPA 2013). An assessment of a national 

policy may take significantly longer than an assessment of a local project (Wernham 2011). 

Furthermore, a more comprehensive HIA may require substantial funding and technical assistance 

(Wernham 2011, Tolosana 2015) along with considerable training for those involved (Lock 2003, 

Wernham 2011). Fehr et al. (2012) write that HIA and health impact quantification are “some of the 

most demanding and potentially rewarding activities at the science-policy interface and are highly 

relevant for health policy-making at all levels, from local to international.” 
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The time frame for EIA studies can also be lengthy, but those that are legislatively required are often 

designed to only take a few weeks (Christensen 2006) or months (FAO 1995), especially for smaller 

proposals. This is possibly because companies may claim that the time and costs for large, 

comprehensive assessments of commercial projects are prohibitive. EHIA and SEA approaches, being 

from the same methodological family as EIA, may have similar time frames,  although SEA studies 

may take slightly longer due to the more thorough inclusion of human health effects (WHO 2017b). 

EIA often require environmental data on geology, soils, surface water and groundwater, climate and 

air quality, flora, fauna, ecosystems, or biodiversity (FAO 1995). EHIA and SEA studies may require 

additional information about the potential health effects from chemicals or pollutants (WHO 2017b). 

Environmental impact assessments can also prove technically challenging (FAO 1995). 

The simplification of the EBD approach, and the creation of detailed methodological guides, has 

helped to reduce the time and resources required to complete a national or subnational level study 

(Prüss-Üstün 2003). An EBD study requires exposure and dose-response or health outcome data, 

along with data on the state and quality of the environment (Prüss-Üstün 2003). Selected indicators 

can also be converted in to disease burden estimates, reducing data collection and management 

requirements (Prüss-Üstün 2003). EBD studies do not necessarily entail high costs (Prüss-Üstün 

2003), but there may be a trade-off between the accuracy of estimates and the level of effort required 

for data collection (Prüss 2001).  

LCA and LCC studies typically require a substantial time investment and data collection is often the 

most time consuming phase (Falcone 2016, Baldini 2017). The inventory analysis stage of an LCA 

requires an accounting of all system inputs (i.e. resources consumed) within defined system 

boundaries, as well as estimates of outputs and emissions to the environment (Baldini 2017). LCC 

studies require system data similar to that required for an LCA study, but with financial estimates for 

each stage of a product’s lifecycle (e.g. acquisition costs, operational costs, maintenance and repair 

costs, environmental costs, and disposal costs) (Gluch 2004). Historical corporate data is often an 

important source of information for LCC studies (Gluch 2004). 

IAM studies may require years to conduct and many projects are ongoing and therefore require 

regular updates, which adds to the time commitment and data requirements (CIESIN 1995). The IAM 

approach typically requires data on emissions, technological options for emission control, population 

growth, land use, atmospheric and oceanic system conditions (e.g. temperature), ecological impacts, 

and socioeconomic impacts (CIESIN 1995). IAM studies are technically challenging, in part because 

they require the combination and reconciliation of data at different spatial scales (CIESIN 1995).  
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The TOA and EA approaches are also very time-consuming (Stoorvogel 2004, WHO 2017c), 

although there are some tools available for conducting rapid EA studies (WHO 2017c). The TOA 

approach quantifies trade-offs through the analysis of system inputs and outputs such as agricultural 

production, economic costs, and environmental impacts. (Klapwijk 2014) Agroenvironmental 

indicators or experimental measurements can be used (Klapwijk 2014). EA approaches are typically 

data-intensive and require environmental data for site characterisation, data on farm inputs and costs, 

and prices for farm products (WHO 2012b). Some EA approaches also require information on 

hypothetical markets or individual choices (WHO 2012b).  

Consideration of Uncertainty 
Interpreting the results of an environmental health assessment, regardless of the approach used, 

requires consideration of the uncertainty associated with the results (Payraudeau 2005). For 

standardised approaches, such as LCA or EIA, uncertainty analysis should theoretically be an integral 

part of the assessment (Payraudeau 2005). However, the handling of uncertainty varies significantly 

by study and this stage of analysis is rarely discussed (Payraudeau 2005). Generally, uncertainty 

depends both on the input data and the models used for the assessment methods reviewed. For HRA, 

the risk characterisation phase should detail key assumptions, limitations and uncertainties (EPA 

2017). The best practice for the consideration of uncertainty in HIA is to include confidence estimates 

or an uncertainty analysis (EPA 2013). Environmental impact assessment methods, including EIA, 

EHIA, and SEA studies, should also indicate the level of uncertainty using confidence limits and 

probability analyses when possible (FAO 1995, WHO 2017b). Studies conducted using the EBD 

approach should ideally calculate uncertainty ranges, but efforts to estimate uncertainty in a 

consistent way across health indicators have had limited success (WHO 2017d). 

 LCA is a highly formalised and standardised method and studies should include an uncertainty 

analysis (Payraudeau 2005, Baldini 2017).The LCC approach often involves a high degree of 

uncertainty, especially for prospective studies (Gluch 2004). LCC parameters considered in risk 

estimation are typically influenced by the use of easily accessible data and subjective values (Gluch 

2004). There is not a standardised approach for the consideration of uncertainty in LCC studies, but 

sensitivity or uncertainty analysis can be applied (Gluch 2004). The component models in IAM are 

deterministic and therefore uncertainty is often handled through a meta-model analysis (CIESIN 

1995). Several possible approaches for such an analysis include the specification of a set of future 

scenarios, sensitivity analysis, or the specification of probability distributions for numerous inputs 

and model runs (CIESIN 1995). The TOA approach is not highly standardised and therefore does not 

specify a particular approach for the consideration of uncertainty in studies and thus uncertainty is not 
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appropriately represented in many studies (Klapwijk 2014). EA studies, especially those that use 

Cost/Benefit Analysis or Cost-effectiveness Analysis, often involve multiple assumptions and 

produce results with a high level of uncertainty (WHO 2012b). In practice, EA studies should 

identify, characterise, and clearly communicate uncertainty through a sensitivity analysis (WHO 

2012b). Generally, a formalised approach for dealing with uncertainty and its consistent application 

across studies could improve existing environmental health assessment methods.  

Utility of Results 
There are a number of different factors that influence whether a study approach will yield useful 

outputs. The utility of outputs will inevitably vary, even between studies that apply the same methods. 

However, this section attempts to broadly review several factors that may influence the usefulness of 

outputs, including (i) comparability across studies, (ii) the technical level of outputs, and (iii) the 

ability of a method to analyse alternative scenarios. Theoretically, if a method has been standardised 

or harmonised, then the results should be comparable across studies to a certain degree, which may 

increase usefulness to end users. Therefore, standardisation of method protocol is used as a proxy for 

comparability of results across studies. Additionally, the technical level of outputs is considered here, 

because more complex outputs may be more difficult to interpret or to communicate clearly to a lay 

audience. Furthermore, this section also seeks to identify which of the selected methods can provide 

an assessment of different scenarios, as this may be particularly useful for informing policy changes. 

Policy-makers were identified as a common end-user of all of the selected methods in an earlier 

section. 

The HRA approach has been clearly documented, which allows for relatively standardised 

implementation (Kimman 2013, EPA 2017). Risk can be communicated in a number of different 

ways, typically through a quantitative statement about the estimated exposure relative to health-based 

guidance values (e.g. acceptable daily intake, or reference dose) (WHO 2010). Risk characterisation 

estimates may require careful interpretation and clear risk communication is a critical part of the HRA 

process (Kimman 2013). The HIA method is also relatively well documented, although there are a 

number of different approaches and tools available. Ideally, HIA outputs should include feasible 

recommendations and an implementation plan (EPA 2013). Furthermore, criteria have been 

developed for any recommendations derived from the HIA process (EPA 2013). Recommendations 

should be responsive to predicted impacts, specific and actionable, experience-based and effective, 

enforceable, able to be monitored, technically and politically feasible, economically efficient, and 

should be relative to the authority of decision-makers (EPA 2013). Moreover, any recommendations 

should not introduce any additional negative consequences (EPA 2013). Similarly, EIA, EHIA, and 
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SEA results are typically presented in a final report (FAO 1995, WHO 2017b). In the case of EIA, the 

report is sometimes called the Environmental Impact Statement (FAO 1995). The material included in 

these reports can be technically complex and in order to be useful to end users must be clearly written 

(FAO 1995). HRA, HIA, EIA, EHIA, and SEA studies do not habitually include a robust assessment 

of alternative scenarios. 

The EBD approach has been clearly outlined and documented by the World Health Organization 

(Prüss-Üstün 2003). However, the results must be interpreted with caution as in some cases the risk 

factors included may not be well documented, especially those that have long latency periods or 

nonspecific outcomes (Prüss 2001). Despite this concern, burden of disease estimates can still be 

regarded as the best estimates of the magnitude of health impacts due to environmental factors (Prüss-

Üstün 2003). The output is typically expressed in terms of deaths and/or disability-adjusted life years 

(DALYs) (Prüss-Üstün 2003), which are widely used measures. The EBD approach allows for the 

projection of exposures into the future and the estimation of trends, even when there may be a long 

time lag between exposure and onset of disease, as well as the analysis of different scenarios (Prüss 

2001, Prüss-Üstün 2003). 

The LCA method, as an internationally standardised approach, is very clearly documented (Teillard 

2016, Baldini 2017). In an LCA study, models define the characterisation factors that sum all of the 

substances that contribute to an impact category (Baldini 2017). The characterisation factors are then 

referred to a selected indicator, which is typically an endpoint or midpoint indicator (Baldini 2017). 

Indicators are a concise, simple tool for assessing environmental and health impacts associated with 

agricultural systems, and specifically livestock production (Bigras-Poulin 2004). Indicators are not 

exact measures, but they can be compared over time, and they can be compared between agricultural 

operations, regions, or other groupings (Bigras-Poulin 2004). The use of indicators in LCA, increases 

ease of understanding and potential usefulness to end-users, although at the expense of precision. In 

contrast to LCA, there are a number of different approaches available for conducting an LCC study as 

the method has not been standardised (Falcone 2016). The results of an LCC study are often provided 

as a comparative cost assessment (Gluch 2004). Results are generally reported using familiar 

monetary units, which may increase the clarity of the results for end users (Gluch 2004). Both the 

LCA and the LCC method can be used to examine alternative scenarios of production (Falcone 2016). 

There are a number of different models and approaches for conducting an IAM study (CIESIN 1995). 

The results are typically presented within a cost-benefit framework to increase the usefulness for 

policy-makers, but in some cases the complexity of the outputs can present a communication 



 187 

challenge (CIESIN 1995). However, the IAM approach can be used to evaluate different scenarios, 

which can be particularly useful for policy analysis (Kenny 2000, Digas 2016). Several different 

approaches to TOA studies have also been developed (Klapwijk 2014) and results are typically 

presented in the form of trade-off curves between different indicators (Stoorvogel 2004). It is 

generally recommended that TOA studies aggregate results at a regional scale, which is often more 

relevant for policy analysis (Stoorvogel 2004). The TOA approach also allows for the evaluation of 

different scenarios (Stoorvogel 2004, Valdivia 2012). EA, like a number of the other assessment 

methods discussed above, does not have a harmonised methodology and a number of different 

approaches and processes have been used (WHO 2012b, WHO 2017c). Due to the lack of 

standardisation for the method, the presentation of results can vary, but most studies present the 

results in monetary estimates, a format that may be more easily understood by end users (WHO 

2012b, WHO 2017c). Certain EA approaches, such as Cost/Benefit Analysis, Cost-effectiveness 

Analysis, and the damage function approach do allow for the exploration of different scenarios (WHO 

2012b).  
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Figure 35. Schematic (non-quantitative) representations of selected methods: (a) health risk 
assessment, (b) health impact assessment, (c) environmental impact assessment methods, (d) the 

environmental burden of disease approach, (e) life cycle methods, (f) integrated assessment 
modeling, (g) trade-off analysis, and (h) economic assessment.  
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Figure 35(b). 
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Figure 35(c). 
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Figure 35(d). 
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Figure 35(e). 
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Figure 35(f). 
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Figure 35(g). 
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Figure 35(h). 
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households and the levels of seven trace elements were analysed (Turdi 2016). The risk from 

carcinogenic and non-carcinogenic pollutants were assessed separately (Turdi 2016). The evaluation 

models of health risk assessment recommended by the U.S. Environmental Protection Agency were 

used to estimate the health risk for adults and children and the estimates were compared with China’s 

health standards for drinking water (Turdi 2016).  

Health Impact Assessment 
By contrast, the HIA approach has not been applied to agricultural systems as frequently as the HRA 

or EIA approaches (Lock 2003, Tolosana 2015). Agricultural and food programs and policies have 

frequently been subject to EIA, but very few HIAs have been applied to agricultural sectors (Lock 

2003). Furthermore, there are more examples of HIAs conducted for specific smaller scale projects 

than for national policies (Lock 2003). However, HIAs have been conducted to examine the impact of 

the federal farm bill in the United States and the impacts of the European Union’s Common 

Agricultural Policy (CAP) (Tolosana 2015).  

The Canadian government has also published two HIAs of regional agricultural sectors in Quebec, 

one for hog production and another for apple production (Lock 2003). The two HIA studies focused 

on how to integrate health impacts into an EIA framework (Lock 2003). The Canadian HIA manual 

discusses incorporating social impact assessment, epidemiology, health evaluation, economic, and 

risk assessment methods into the HIA framework and uses a quantitative approach to assess known 

health risks, mainly focusing on environmental pollution (Lock 2003). The Republic of Slovenia has 

also conducted an HIA for the agricultural sector (Lock 2003). The HIA was undertaken by the 

government to examine the potential impacts of the adoption of CAP when the nation applied to join 

the EU (Lock 2003). The HIA of CAP in Slovenia followed six distinct phases: policy analysis, rapid 

appraisal workshops with a wide range of stakeholders, a review of the empirical evidence relevant to 

the agricultural policy, an analysis of national data for key indicators related to health, a report on the 

findings, and an evaluation of the process (Lock 2003). 

A number of different tools have been developed to facilitate HIA studies, although only a few tools 

are publicly available and most were developed for use in Europe, which limits their utility for an 

assessment of the New Zealand dairy sector. For example, DYNAMO-HIA (Dynamic Modeling for 

HIA) is a partial microsimulation model that simulates risk factor histories and calculates disease 

probabilities based on the Markov model (Fehr 2012). This tool models the real life population; 

projects baseline and intervention scenarios over time; and includes data on certain health 

determinants, such as smoking, overweight or obesity status, and alcohol consumption, and related 
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diseases like ischaemic heart disease, stroke, diabetes, chronic obstructive pulmonary disorder, and 

five forms of cancer (Fehr 2012). The model handles mortality selection due to earlier mortality 

among those exposed to explicit risk factors (Fehr 2012). Additionally, the model has a parameter 

estimation module that helps to reduce data input requirements and still provides a relatively rich 

output (Fehr 2012). DYNAMO-HIA is publicly available and has a graphic user interface that doesn’t 

require programming skills to operate (Fehr 2012). However, the tool was developed for use in 

Europe and only provides coverage of data for member states of the EU (Fehr 2012). 

Another example is the combined Integrated Assessment of Health Risks of Environmental Stressors 

in Europe and Health and Environment Integrated Methodology and Toolbox for Scenario 

Assessment (INTARESE/HEIMTSA). These tools resulted from two large integrated projects funded 

by the European Commission for the development and implementation of a coherent methodology for 

integrated environmental health impact assessment (Fehr 2012). INTARESE/HEIMTSA tracks the 

different environmental health impacts of policies (Fehr 2012). Specifically the tool projects how 

policy changes could affect air pollution emissions and concentrations with subsequent changes to 

human exposure and health impacts (Fehr 2012). Health impacts are then aggregated into either 

DALYs or monetary values (Fehr 2012). The tool is publicly available, but it is not a plug and play 

computational system which increases the difficulty of use (Fehr 2012). Furthermore, the tool only 

includes data for Europe (Fehr 2012) and would not be applicable to an assessment in New Zealand. 

There are also a number of other tools that have been designed for use in quantitative HIAs including 

Age Related Morbidity and Death Analysis (ARMADA), Health Forecasting, the Impact Calculation 

Tool (ICT), Proportional Multi State Life Table (MSLT), Population Health Modeling (POHEM), 

Prevent, and RIVM-CDM (Fehr 2012). However, most of these tools are not publicly available (Fehr 

2012). 

Environmental Impact Assessment Methods 
The EIA approach has been frequently applied to assessments of agricultural programs and policies 

around the world (Lock 2003, Tolosana 2015). EIA was first established in the US in 1969, but was 

quickly adopted in many other countries (Heo 2014). For example, in South Korea, a government 

mandated EIA system was instituted in 1977 and EIA studies are now required for most agricultural 

projects, although specific guidelines were not developed for the agricultural sector (Heo 2014). The 

EIA approach has also been adopted throughout Europe and the first EU directive on EIA was issued 

in 1985 and specifically aimed to protect the environment, although implementation differed across 

countries (Christensen 2006, Kørnøv 2009). For example, Denmark adopted the directive in 1989 and 

farmers were obligated to provide data to county level regulators, who were then required to 
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undertake EIA studies for proposed livestock projects (Christensen 2006, Kørnøv 2009). The EIA 

approach was also readily adopted by international organisations like the United Nations’ Food and 

Agriculture Organization (FAO) for use in planning development projects (FAO 1995). 

Environmental Burden of Disease 
With regard to the EBD approach, several nations have conducted burden of disease studies and most 

of these studies have focused on the national pattern of disease burdens (Prüss 2001). National burden 

of disease studies help to identify the most important risk factors and allow for the examination of 

intervention options (Prüss 2001). Additionally, several studies have been undertaken to estimate the 

disease burdens from different environmental risk factors at either global, national, or regional scales 

(Prüss 2001). Existing studies have focused on air quality, lead, noise, environmentally mediated 

infectious diseases, traffic accidents, and other environmental risk factors (Prüss 2001). However, to 

the author’s knowledge, the EBD approach has not been specifically applied to an agricultural system 

(Prüss 2001).  

While the EBD approach hasn’t specifically been applied to an agricultural system, it has been used 

to estimate the burden of disease attributable to a number of different environmental risk factors. For 

example, an EBD study conducted in Nepal examined the burden of disease attributable to 

temperature and climate change (Shrestha 2017). For the study, daily data for climate-sensitive 

variables and hospitalisations were collected for the five year period from 2009 to 2014, exposure-

response modeling was conducted, and the environmental burden of disease attributable to climate-

sensitive variables was estimated (Shrestha 2017). Specifically, morbidity and mortality data for 

waterborne (e.g. typhoid, cholera, Hepatitis A and E), vector-borne (e.g. malaria, dengue), heart (e.g. 

ischemic heart disease, heart attack, hypertension), and renal (e.g. chronic kidney disease, urinary 

tract infection) diseases, as well as all-cause mortality were assembled (Shrestha 2017). A linear 

model with a log-link function was used for exposure-response modeling and attributable fractions 

were estimated using WHO guidelines (Shrestha 2017). Attributable burdens were calculated for both 

a baseline (1985-2014) and a future (2015-2045) scenario, taking account of the effects of climate 

change while assuming that the total burden remained the same for both scenarios (Shrestha 2017). 

Lifecycle Methods 
The LCA approach is considered to be a key tool for the assessment of the environmental impacts of 

an agricultural system (Tamburini 2015, Teillard 2016, Baldini 2017). LCA has commonly been used 

to examine greenhouse gas emissions and can use carbon dioxide (CO2) equivalents to aggregate 

emissions of different gases along the supply chain (Teillard 2016). LCA studies can also be used to 
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compare impacts for different agricultural systems and products (de Vries 2010a, Tamburini 2015) 

and has frequently been used to examine the impacts of milk production (de Vries 2010a, Baldini 

2017). A review of LCA studies of milk production found that most studies have been conducted in 

Europe, especially in France, Ireland, and Italy (Baldini 2017). This concentration reflects the long 

term focus on the environmental sustainability of the dairy sector in those regions (Baldini 2017). The 

influence of different farm management practices have been evaluated  in a number of different ways, 

some studies have compared a priori two different management systems, others have a posteriori 

considered a large number of farms in an effort to determine which farm characteristics are the most 

important, and some have focused on the economic impacts (Baldini 2017). 

A number of attempts have been made to standardise the use of the LCA approach for assessing the 

impacts of livestock production and dairy farming. In 2016, the Livestock Environmental Assessment 

and Performance (LEAP) Partnership released the “Environmental Performance of Large Ruminant 

Supply Chains: Guidelines for Assessment,” which represents a recent attempt to standardise the use 

of LCA in the livestock sector (Baldini 2017). The International Dairy Federation also published a 

guide that attempted to standardise LCA for the dairy sector in 2010, but few studies have adhered to 

these guidelines since they were published (Baldini 2017).  

The LCC approach can be used as a decision support tool within an LCA of food products, but there 

are few examples of LCC being applied directly to a food product in the literature (Tamburini 2015, 

Falcone 2016). However, the LCC approach can be combined with a cash flow analysis in order to 

determine the profitability of agricultural systems through economic indicators (Falcone 2016) or 

potentially combined with LCA results in order to estimate the long-term externalities of agricultural 

production systems (Tamburini 2015).   

Integrated Assessment Models 
While IAM have frequently been applied to assessments of the impacts related to climate change 

(CIESIN 1995), only in recent years have a number of models been developed for agricultural 

systems (Ewert 2011). Specifically, a number of advanced models that were developed to investigate 

the impacts of climate change have been extended to examine agricultural productivity and potential 

human health impacts. For example, the Massachusetts Institute of Technology (MIT) developed an 

IAM called the MIT Integrated Global System Modeling (IGSM) Framework (Reilly 2013). The 

main component of the framework is the MIT Emissions Predictions and Policy Analysis (EPPA) 

Model and the standard atmospheric component is a two dimensional atmospheric model based on the 

Goddard Institute for Space Studies’ General Circulation Model for climate, coupled with an ocean 
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model with the treatment of heat and carbon flows into the deep ocean (Reilly 2013). A number of 

other models can be linked within the framework, including a reduced-form urban chemical model 

that can be used to better represent smaller scale urban chemical processes that influence air 

chemistry and climate (Reilly 2013). The Global Land System component links the US National 

Center for Atmospheric Research’s Community and Land Model; the US Marine Biological 

Laboratory’s Terrestrial Ecosystem Model that simulates carbon dioxide fluxes and the storage of 

carbon and nitrogen in vegetation and soils; and the Natural Emissions Model that simulates methane 

and nitrous oxide fluxes (Reilly 2013). The framework then links econometric decisions regarding the 

spatial pattern of land use and land use conversion to examine the impacts of land use change and 

greenhouse gas emissions (Reilly 2013).  

While the MIT IGSM framework was primarily developed to examine the environmental impacts of 

climate change, the framework can be extended to investigate the impacts of climate change on 

human health and provide economic estimates for health impacts using an economic accounting 

approach (Reilly 2013). Extending the model involves the valuation of non-wage time (e.g. leisure) 

and the inclusion of health services produced at the household level to capture the economic effects of 

morbidity and mortality from acute exposures (Reilly 2013). Specifically, the model considers both 

market and non-market effects (Reilly 2013). For example, the death or illness of a person in the 

labour force or expenditures on medical services are market effects, while death and illness also 

involve the loss of non-paid time or productivity, which is a non-market impact (Reilly 2013). The 

framework can also be used to examine the impacts of climate change on agriculture by 

disaggregating the agricultural sector within the EPPA model, which allows for the simulation of 

economic effects of changes in production yield on regional economies and trade (Reilly 2013). 

Another example is the Integrated Model to Assess the Global Environment (IMAGE), which was 

developed to examine the long-term dynamics of global change and includes a number of different 

biophysical modules for ecosystems, agricultural production, land use, and environmental effects (de 

Vries 2010b, Stehfest 2013). IMAGE has been used in a number of different studies to assess 

potential environmental impacts of agricultural systems (de Vries 2010b, Stehfest 2013). For 

example, one study linked two different economic models to the IMAGE integrated assessment 

model to examine different alternatives for the reduction of the environmental impacts of agriculture 

in the EU and globally (Stehfest 2013). Specifically, the study examined the following scenarios: (i) 

baseline; (ii) changing diets in the European Union to be consistent with the World Health 

Organization’s recommendations by 2020; (iii) reducing global food waste from 20% to 5% by 2020; 

(iv) increasing global crop yields to 40% higher than baseline; and (v) increasing global livestock 
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feed efficiency to 15% higher than baseline by 2020 (Stehfest 2013). The study used two different 

global economic models: IMPACT and LEITAP, a partial equilibrium model and a static, applied 

computable general equilibrium model, respectively (Stehfest 2013). The two models were used to 

calculate the regional production of different agricultural commodities, which were then entered into 

the IMAGE integrated assessment model to calculate the potential environmental impacts, including 

land use, greenhouse gas emissions, and climate change under each scenario (Stehfest 2013). The use 

of the IMAGE  integrated assessment model coupled with two different economic models allowed the 

study to account for feedback systems within the global agricultural sector that had previously been 

overlooked (Stehfest 2013). 

Generally, country-level IAM can allow for time-dependent assessment of climate change and the 

examination of spatial changes over time in regions of economic importance for agricultural 

production (Kenny 2000). A typical characteristic of agricultural systems is that the components are 

often shaped by both environmental and socioeconomic factors and one of the strengths of integrated 

assessment modeling is that it can incorporate those dimensions (van Ittersum 2008, Ewert 2011). 

However, some IAM are heavily biased towards a single dimension and are imbalanced with the 

degree of quantification (van Ittersum 2008). For example, social factors and impacts (e.g. 

employment), income distribution, and the quality of life for farmers are not generally well 

represented (van Ittersum 2008). 

Trade-off Analysis 
The TOA approach has frequently been used in the agricultural sector (Valdivia 2012, Klapwijk 

2014). In agriculture, trade-offs can arise at many different levels, from crop or animal, to field, farm, 

or landscape (Klapwijk 2014). Farmers face trade-offs between maximising production in the short-

term and ensuring sustainable production in the long-term (Klapwijk 2014). At the landscape level 

there are trade-offs between different land uses (Klapwijk 2014). Trade-offs can also occur between 

different environmental, social, economic, and cultural objectives; across different spatial and 

temporal scales; and between different stakeholder groups (Klapwijk 2014). TOA models have 

frequently been used to examine agricultural systems and mathematical programming is possibly the 

most widely used TOA approach for assessing land use options (Klapwijk 2014). Mathematical 

programming is an optimisation approach that can be used to find the best possible trade-off using 

multi-criteria analysis (Klapwijk 2014). TOA studies of agricultural systems often incorporate local 

scale crop models to assess land quality and economic models to simulate land management decisions 

(Valdivia 2012). Land management decisions can then be used as inputs in an environmental process 

model that simulates environmental outcomes (Valdivia 2012). Economic and environmental 
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outcomes can then be aggregated to a regional level and used to develop indicators that can be used to 

examine trade-offs (Valdivia 2012). This approach can be used to estimate the effect of different 

policy scenarios (Valdivia 2012).  

Economic Assessment 
Economic assessment methods have been applied to agricultural systems in a number of different 

ways in order to value both environmental and health impacts. Economic valuation approaches have 

been extensively applied to the issue of pesticide risks (Brethour 2001, Florax 2005, Travisi 2008). 

For example, an empirical study in Northern Italy estimated the economic value of reducing the 

environmental and health impacts of agricultural pesticide use through a Choice Experiment approach 

(Travisi 2008). The study specifically focused on the reduction in farmland biodiversity, groundwater 

contamination, and acute human illnesses and relied on stated preference non-market valuation 

techniques to infer people’s preferences (i.e. willingness to pay) regarding decreases in pesticide 

impacts and corresponding increases in grocery expenditures (Travisi 2008). Another study 

conducted in Canada combined a biophysical risk assessment approach with a contingent valuation 

survey on consumers’ willingness to pay for reductions in pesticide risk (Brethour 2001). 

Economic assessment methods have also been used to estimate the external environmental and health 

costs associated with agricultural production systems in parts of Europe and the United States (Pretty 

2000, Tegtmeier 2004). For example, an assessment of externalities in the United Kingdom used a 

framework of seven different cost categories, including damage to water, damage to soil, damage to 

air, damage to natural capital, damage to human health from pesticides, damage to human health from 

nitrate, and damage to human health from pathogens (Pretty 2000). The study estimated ranges for 

two different types of damage costs: (i) treatment and prevention costs and (ii) administrative and 

monitoring costs (Pretty 2000). The study found that significant costs arose from the contamination of 

drinking water with pesticides, Cryptosporidium, phosphate and soil; damage to wildlife, habitats, 

hedgerows, and drystone walls; soil erosion and organic carbon losses; food poisoning; and bovine 

spongiform encephalopathy (Pretty 2000). Another study conducted in the UK combined the LCA 

approach with economic valuation approaches including willingness to pay, revealed preference 

values, and econometric estimates in order to assess the environmental, economic, and social impacts 

of the livestock sector (Chatterton 2015). Specifically, the study examined a series of future scenarios 

to determine the potential effects on ecosystem services including food production and provisioning, 

environmental regulation, and cultural benefits such as recreation (Chatterton 2015). Altogether, there 

are numerous ways to apply different EA methods to inform and support decision-making in the 

agricultural sector. 
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3.4.5 Appraisal of Methods for Assessment of the New Zealand Dairy Sector 

There are many important considerations in the selection of an assessment method. However, based 

on this broad review of eight different approaches, HIA may be the most appropriate method for use 

in an assessment of the New Zealand dairy sector. The EBD and the IAM approaches may also be 

useful in this context, although to the author’s knowledge the EBD approach has not yet been applied 

to an assessment of the health impacts of an agricultural sector and the IAM approach would only be 

suitable if health impacts could be adequately incorporated.  

In many ways, the HIA, EBD, and IAM approaches share similar attributes. All three approaches 

have been used to provide information to policy-makers at various levels of government and each 

could be used to inform either sector-specific or government-wide regulators. The three approaches 

can all be applied at a national scale, but can also be used to examine local, regional, or global 

impacts. Additionally, these methods can all account for both short- and long-term effects. However, 

the approaches differ substantially in other ways. 

HIA is the only method that covers environmental, health, social, and economic dimensions. 

Additionally, the method was specifically designed to evaluate the impacts of a proposed policy, 

while EBD and IAM were developed with different aims. HIA studies can be resource-intensive to 

conduct and the outputs can be highly technical. More robust HIA studies can take months or years to 

complete, although smaller assessments can be conducted over a shorter time frame. Unfortunately, 

the HIA approach does not typically support the thorough assessment of alternative scenarios, but 

generally seems to be the most appropriate method for an assessment of the potential impacts of the 

New Zealand dairy sector. 

The EBD approach may also be an appropriate assessment method, but EBD does not typically 

consider social or economic dimensions. The method has been simplified and detailed guides have 

been developed to reduce the time and resources required to complete a national or subnational study 

(Prüss-Üstün 2003), but there is a trade-off between the accuracy of estimates and the level of effort 

required for data collection (Prüss 2001). In contrast to the HIA approach, EBD studies can support 

the exploration of alternative scenarios. Generally, if the EBD approach was modified or expanded to 

account for social and economic dimensions, then the method might prove useful for assessing the 

impacts of the dairy sector in New Zealand. 

IAM may also prove a powerful approach for an environmental health assessment of an agricultural 

system, but only if the method could be modified to consistently and comprehensively consider health 
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impacts. Generally, IAM studies only tend to incorporate environmental, economic, and social 

dimensions. IAM is a promising approach for an assessment of a complex system, like the dairy 

sector, because it was specifically developed in an effort to capture complex multi-scale or multi-

dimensional problems. Like the EBD approach, IAM supports the consideration of alternative future 

scenarios. However, similar to HIA, the outputs can be highly technical and IAM studies can require 

significant time and resources to complete. Overall, the IAM approach shows promise for use in 

assessing multiple dimensions of complex systems. 

The HIA, EBD, and IAM approaches were each deemed too resource-intensive to complete in full as 

a part of this thesis. To complete an assessment of the New Zealand dairy sector using one of these 

approaches would require a larger team with significant technical expertise, time, and funding. 

However, it is recommended that a comprehensive and transdisciplinary assessment be conducted in 

New Zealand to examine the potential impacts associated with the intensification of the dairy sector. 

While it was not possible to conduct such an assessment within the confines of this thesis, 

components of this thesis could inform a comprehensive assessment in the future.  

3.5 Conclusions 

A review of eight different environmental health assessment methods reveals the diversity of aims, 

dimensions, processes, and concepts involved. With the exception of the environmental burden of 

disease approach, all of the reviewed methods have been applied to agricultural systems. The 

suitability of an assessment method for a given purpose will depend on a variety of factors, but the 

approach chosen should reflect the complexity of agricultural systems and the multitude of potential 

environmental, economic, and human health effects. Generally, approaches that include a single 

dimension produce an incomplete picture and the inclusion of economic and social benefits, along 

with health and environmental dimensions, can provide a more holistic view of an agricultural 

system. This review can provide a starting point for selecting an existing method or designing a new 

method for assessing the environmental health impacts of an agricultural system. In the case of the 

New Zealand dairy sector, the HIA approach would be appropriate for an assessment of the 

environmental health impacts, but with modifications the EBD or IAM approaches could also be 

useful.  

A comprehensive and transdisciplinary assessment of the intensification of the dairy sector in New 

Zealand was deemed too resource intensive to complete as a part of this thesis. However, components 

of this thesis could inform a comprehensive assessment in the future. Specifically, this thesis will 

primarily focus on bovine enteric zoonoses due to the historically high rates of enteric zoonoses in 
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humans in New Zealand (Snel 2009a, Lal 2013b), which pose a considerable public health (Lake 

2000, Lake 2010) and economic burden (Scott 2000, Snel 2009a). The next chapter explores the 

spatial distribution of dairy cattle in New Zealand and compares it to the spatial patterns of human 

population density as a proxy for potential exposure to zoonoses.  
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Chapter 4                                                                                                      

Dairy Cattle Density and Human Exposure in New Zealand 

4.1 Chapter Aims 

Aims are (i) to review and describe spatial trends in reported dairy cattle numbers and dairy cattle 

density in New Zealand from 2000 to 2014 and (ii) to compare the spatial patterns of dairy density 

with patterns of human population density over time as a proxy for potential exposure to zoonoses. 

4.2 Introduction 

4.2.1 Dairy Cattle 

All modern domestic cattle are believed to belong to the species Bos Taurus (European breeds) or Bos 

indicus (Zebu breeds) or to be crosses of the two (Huffman 1998). Domestic cows are one of the most 

common farm animals globally (Huffman 1998). The size of a cow is highly dependent on the breed, 

with mature males weighing 450-1,800kg and females weighing 360-1,100kg (Huffman 1998).  

Different breeds of cows have been bred for specific characteristics. For example, certain dairy cows 

have been bred to produce a desired level of milk fat (Huffman 1998). Dairy cows typically produce 

milk for around ten months following the birth of a calf (Huffman 1998). Cows usually have their 

first calf prior to turning two years old and each cow may have ten or more calves (Huffman 1998). 

Dairy cows can live for 20 years or longer, although cows are usually selectively culled from 

commercial herds and used for meat when their milk yield begins to decline (Huffman 1998).  

4.2.2 Dairy Cattle in New Zealand 

In 2016, there were 11,918 dairy herds and approximately five million milking cows in New Zealand 

(DairyNZ 2016b). The national dairy herd is composed of Holstein-Friesian/Jersey crossbreeds 

(47.2%), Holstein-Friesian (33.5%), Jersey (10.1%), Ayrshire (0.6%) and other breeds (8.7%), 

including Guernsey, Brown Swiss, Meuse Rhine Issel and English Shorthorn (LIC 2016).  

Dairy farming in New Zealand is largely pastoral (Lal 2016) due to the temperate climate (Walker 

1994, Basset-Mens 2009), generally reliable rainfall (Walker 1994), and an abundance of white 

clover and perennial ryegrass (Basset-Mens 2009). Dairy cattle are usually moved between pastures 

and milking sheds on a regular basis (Lal 2016), and are typically rotationally grazed (Bolan 2009), 
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with certain areas grazed with high stocking densities and then rested for varying lengths of time 

depending on the season (Doole 2015).  

4.2.3 Spatial Distribution of Dairy Cattle in New Zealand 

The Waikato and Taranaki regions of New Zealand (Figure 36) have long-established, major 

agricultural sectors (MacLeod 2006). The climate in those regions has been particularly well suited to 

pastoral farming. Warmer winters and reliable rainfall have also allowed for the development of dairy 

farming in Northland, Bay of Plenty, Manawatu, Nelson, and the West Coast (Moran 1997, Smith 

2004, MacLeod 2006). However, the New Zealand dairy industry has also expanded into some 

regions that have not historically supported dairy cattle (MacLeod 2006). The Canterbury Plains, 

Otago, and Southland, which were previously considered unsuitable for dairy farming due to a lack of 

adequate rainfall and pasture, have seen the recent introduction and rapid growth of dairy farming 

(Smith 2004). These regions are largely reliant on irrigation to support their pastures (Smith 2004).  
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Figure 36. Regional distribution of dairy cattle in New Zealand 2015-2016 (LIC 2016). 

Additionally, a number of farms in New Zealand have transitioned away from other forms of 

agricultural production and into dairy farming (Smith 2004). While there has been a notable 

expansion in the land area used for dairy farming in recent decades, the beef cattle and sheep sectors 

have seen decreases in the land area under production and there was a steady conversion of beef and 

sheep farms into dairy farms following the removal of farm subsidies in 1984 (Smith 2004, MacLeod 

2006). Studies examining historic agricultural development in New Zealand estimate that the area of 

dairy farming increased by 46% between 1972 and 1990 (MacLeod 2006) and from 1990 to 2000 

dairy farms increased in size by an average of 23% (Moran 1997, Smith 2004). However, over the 

same period the size of beef and sheep farms only increased by 3% (Moran 1997, Smith 2004). By 

2016, New Zealand had an estimated 1.8 million hectares of dairy land (DairyNZ 2016b).  
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4.2.4 Intensification of the Dairy Sector 

In New Zealand, many producers have relied on higher stocking rates to increase production; using 

the same land area to support larger herd numbers has increased livestock density. Stocking rates for 

dairy cattle increased gradually from 1960 through the 1980s at a rate of approximately 0.54% per 

year, but the numbers of dairy cattle have increased more rapidly since 1990 (Figure 37) (MacLeod 

2006). The number of dairy cattle increased by more than one million from 2007 to 2012 (Statistics 

New Zealand 2012) and there are currently more than 5 million milking cows in New Zealand 

(DairyNZ 2016b). 

 
Figure 37. Total dairy cattle in New Zealand (including bobby calves). There was no 

Agricultural Survey carried out in 1997 or 1998. Adapted from Statistics New Zealand (2017). 

However, the intensification of the New Zealand dairy sector has varied regionally. For example, 

from 1994 to 2002, the number of dairy cattle in Southland increased by 212%, while in the Waikato 

there was only a 16% increase (MacLeod 2006). Additionally, the Canterbury Plains, which have 

historically experienced diversification of agricultural land use with the introduction of vineyards and 

specialty crops (MacLeod 2006), saw the number of dairy cattle increase by 194,000 between 2011 

and 2012 alone, constituting a 19% increase (Statistics New Zealand 2012). 
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4.2.5 Dairy Cattle and Zoonotic Disease 

Dairy cattle are a known reservoir for a number of different pathogens that can cause human illness 

(FAO 2006, Toth 2013), including Campylobacter spp., Cryptosporidium spp., Giardia spp., 

Salmonella spp., and Shiga toxin-producing Escherichia coli (see section 2.4.1) (Cavirani 2008, Toth 

2013, Whitfield 2017). Transmission pathways vary by pathogen, but generally humans can be 

infected by bovine enteric zoonoses through direct contact with cattle, cattle excreta, or contaminated 

surfaces; inhalation of aerosols; ingestion of contaminated food or drinking water; or through 

recreational contact with contaminated waterways (Figure 38) (Cavirani 2008, Toth 2013, McDaniel 

2014, ESR 2018). 

  

 
Figure 38. Potential Transmission Pathways for Bovine Zoonoses. 

The intensification of livestock production facilitates zoonotic disease transmission by increasing 

animal population size and density (Graham 2008, Cutler 2010, Jones 2013), which increases animal-

to-animal contact (Greger 2007). Intensive livestock systems also tend to have animal populations 

with low genetic diversity, which may favour increased adaptation and transmission of pathogens 

(Jones 2013). Additionally, intensive livestock systems may require more frequent movement of 

people, animals, and vehicles on and off of farms, which can increase the risk of pathogen 

transmission (Cutler 2010, Jones 2013). Furthermore, intensive systems can promote disease 

transmission through environmental pathways, including the inhalation of airborne materials and 

through the production of large quantities of manure and waste (Jones 2013). Livestock excreta can 

contain a variety of pathogens many of which are capable of surviving for long periods of time in the 

environment if untreated (FAO 2006, Cavirani 2008, Jones 2013, Toth 2013, McDaniel 2014). A 
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large quantity of livestock manure is applied to agricultural fields where it can come into contact with 

other animals, or contaminate crops or water (Jones 2013).  

Intensive livestock production may also alter the frequency and intensity of interactions between 

humans and animals. On one hand, animal-to-human contact may increase, especially when 

production facilities border urban areas (Murphy 1998, Greger 2007). In some countries and regions, 

intensive livestock operations are moving closer to major population centres and this shift may 

provide “flash points” for zoonotic outbreaks (Delgado 2003, Greger 2007). On the other hand, 

intensive farms tend to have fewer workers per animal, which may reduce the number of people 

directly exposed to zoonotic pathogens (Jones 2013).  

It is possible that increases in dairy cattle numbers and densities might lead to increased exposure to 

zoonotic pathogens and increased disease rates. Therefore, recent spatial trends in dairy cattle 

numbers and densities in New Zealand were explored and the distribution of dairy density was 

compared to the spatial patterns of human population density as a proxy for potential exposure to 

zoonoses.  

4.3 Methods 

4.3.1 Dairy Data 

Dairy cattle numbers were obtained from the Agribase™ database for the years 2000, 2006 and 2014 

at the meshblock level1. Dairy cattle numbers for each farm were mapped to a single meshblock 

according to the location of the main farmgate or to the physical location of the home. If a farm 

spanned across multiple meshblocks this was ignored. The dairy cattle data for 2000 and 2006 were 

mapped to the 2006 meshblock pattern and the data for 2014 were mapped to the 2012 meshblock 

pattern by AgribaseTM staff. In order to derive 2014 dairy cattle numbers on 2006 meshblock 

boundaries, the 2014 data, which was on 2012 meshblock boundaries, was spatially joined to a 2006 

meshblock boundary shapefile from Statistics New Zealand in ArcGIS Desktop (ESRI 2018).  

 
1 Meshblocks are the smallest geographic unit for which statistical data is collected and processed by Statistics 
New Zealand (Statistics New Zealand 2014). A meshblock is a defined area that varies in size from part of a 
city block to large areas of rural land (Statistics New Zealand 2014). Each meshblock is directly adjacent to the 
next, forming a network that covers all of New Zealand, including coasts and inlets and extending out to the 200 
mile economic zone (Statistics New Zealand 2014).  
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4.3.2 Quality and Completeness of Dairy Data 

Agribase™ is a voluntary system developed in the early 1990s that provides a central index of farm 

types, ownership, location, and management in New Zealand (AsureQuality 2019). Data is collected 

throughout each year from farmers using a variety of methods (AsureQuality 2019). The database 

covers approximately 96% of pastoral lands (grass land cover) when compared with the Ministry for 

the Environment’s Land Cover Database II (Thorburn 2010). This suggests that the database is 

relatively complete with regard to recording total animal numbers (Thorburn 2010). However, the 

overall percentage of farms included in the database is unknown (Thorburn 2010). 

4.3.3 Dairy Densities 

Dairy cattle densities at the meshblock level were calculated by dividing the number of cows in each 

meshblock by the total land area for each meshblock. Dairy cattle densities at the census area unit 

(CAU)2 level were calculated by summing the total number of cattle for all meshblocks within each 

CAU and then dividing that number by the total land area for each CAU. The total land area for each 

meshblock and CAU was calculated in ArcGIS using meshblock boundary layers from Statistics New 

Zealand. 

4.3.4 Change in Dairy Densities 

The change in dairy cattle density was calculated by subtracting the calculated densities for 2000 

from the densities for 2014. The change in dairy cattle density from 2000 to 2014 was then mapped at 

both the meshblock and CAU levels. The change in dairy cattle density was examined at the CAU 

level in order to smooth dairy cattle density and partially account for the fact that dairy cattle numbers 

were allocated to a single meshblock even if a farm spanned multiple meshblocks.  

4.3.5 Population Data 

Population estimates were obtained for census years 2001, 2006, and 2013 from Statistics New 

Zealand. Population estimates for 2013 were based on 2013 meshblock boundaries, while the 2001 

and 2006 population estimates were based on 2006 meshblock boundaries. While a geographic 

concordance file exists for matching the 2013 census area unit (CAU) boundaries to the 

 
2 Census area units (CAUs) are the second smallest geographic unit for which statistical data is collected and 
processed by Statistics New Zealand (Statistics New Zealand 2014). A CAU is a defined area that varies in size 
and is comprised of multiple meshblocks (Statistics New Zealand 2014). Each CAU is directly adjacent to the 
next, forming a network that covers all of New Zealand (Statistics New Zealand 2014). 
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corresponding 2006 CAU boundaries, a concordance file was not available at the meshblock level and 

therefore spatial methods were employed in ArcGIS. Using geographic boundary files obtained from 

Statistics New Zealand, the 2001 and 2006 population estimates were joined to a 2006 meshblock 

boundaries shapefile. The 2013 population estimates were also directly joined to a 2013 meshblock 

boundaries shapefile, but the resultant layer was then spatially joined to the 2006 meshblock 

boundary shapefile to provide 2013 population estimates on 2006 meshblock boundaries.  

4.3.6 Mapping 

ArcGIS was used to produce all maps. All geographic data were projected to New Zealand 

Transverse Mercator 2000. Each meshblock has a unique identifier that allowed for the linkage of 

dairy cattle numbers. The boundaries of some meshblocks changed between each census, therefore 

the 2006 meshblock pattern from Statistics New Zealand was used. When the data was aggregated to 

the CAU level, the 2006 CAU pattern from Statistics New Zealand was used.  

The change in dairy cattle was categorised in two different ways. The first method categorised areas 

as those with (i) no dairy, (ii) a decrease in dairy density from 2000 to 2014, (iii) no change in dairy 

cattle density, (iv) a small increase in dairy cattle density, (v) a medium increase in dairy cattle 

density, and (vi) a large increase in dairy cattle density.  

Categories of increased dairy cattle density were based on tertiles for all meshblocks with an increase 

in density. At the meshblock level, areas with an increase of  >1-21.9525 cows/km2 were categorised 

as having a small increase, areas with an increase of 21.9526-132.2357 cows/km2 were categorised as 

having a medium increase, and areas with an increase of more than 132.2357 cows/km2 were 

categorised as having a large increase in dairy cattle density.  

As with meshblocks, the break points between categories of increased density at the CAU level 

reflect calculated tertiles for all areas that had an increase in density from 2000 to 2014. At the CAU 

level, areas with an increase of >1-38.5212 cows/km2 were categorised as having a small increase, 

areas with an increase of 38.5213-270.1809 cows/km2 were categorised as having a medium increase, 

and areas with an increase of more than 270.1809 cows/km2 were categorised as having a large 

increase in dairy cattle density.  

The second method of categorisation attempted to examine the change in dairy cattle density in terms 

of the potential change in human exposure to dairy cattle and their environment at the meshblock and 

CAU levels. Areas were categorised as (i) “new exposure” (i.e. areas that had no dairy cattle in 2000 
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and some dairy cattle in 2014); (ii) “increase” (i.e. areas that had some dairy cattle in 2000 and had 

even more in 2014); (iii) “decrease” (i.e. areas that had some dairy cattle in 2000, but fewer in 2014); 

(iv) “intermittent” (i.e. areas that had no dairy cattle in 2000, some dairy cattle in 2006, and no dairy 

cattle in 2014); (v) “other” (i.e. areas that had a different pattern of dairy cattle density change over 

the study period); and (vi) “no dairy” (i.e. areas that had no dairy cattle across the whole time period). 

However, areas with high dairy cattle density do not necessarily have large human populations. 

Human exposure to dairy cattle and their environment may be highest in areas that have both high 

dairy cattle density and high human density. Therefore, a third method of categorisation was added. 

Specifically, areas where dairy cattle density equalled zero were placed into one category, while the 

remaining areas were split into tertiles (i.e. low, medium, and high dairy cattle density) for 2000, 

2006, and 2014. Additionally, human population density was calculated and categorised in the same 

manner (i.e. zero, low, medium, and high density) for 2001, 2006, and 2013. A new variable was then 

created to categorise areas by both dairy density and human density for the corresponding time 

periods (i.e. dairy density for 2000 and human density for 2001, dairy density for 2006 and human 

density for 2006, and dairy density for 2014 and human density for 2013). Areas with both medium to 

high dairy density and medium to high human density were considered potentially high exposure 

areas and were mapped in ArcGIS for each time period. 

4.4 Results 

The maps of dairy cattle density for 2000, 2006, and 2014 (Figure 39) show that on the North Island, 

the regions that had higher dairy cattle densities in 2000 (i.e. Waikato and Taranaki) maintained 

higher densities over time. However, the maps also indicate that dairy cattle were introduced to new 

regions throughout the North Island from 2000 to 2014. 
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Figure 39. Dairy cattle density in New Zealand over time at meshblock level. Adapted from AgribaseTM database.
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As on the North Island, dairy cattle density increased in parts of the South Island where once there 

were no dairy cattle. However, certain areas of the South Island witnessed a very rapid increase in 

density. Rapid increases in dairy cattle density were particularly evident in the Canterbury Plains and 

Southland regions. 

When the change in dairy cattle density from 2000 to 2014 was mapped at the meshblock level 

(Figure 40(a)), it was difficult to detect overarching spatial patterns due to considerable local 

heterogeneity. However, the aggregation and mapping of the change in dairy cattle density at the 

census area unit level (Figure 40(b)) helped to highlight regional differences and reinforced the 

patterns noted in the maps of dairy cattle density in 2000, 2006, and 2014 (Figure 39). Specifically, 

on the North Island there were substantial increases in dairy cattle density in the Waikato and Bay of 

Plenty regions, Taranaki, lower Manawatu-Wanganui, and parts of Northland. On the South Island, 

there were substantial increases in dairy cattle density in the Canterbury Plains, south of Christchurch, 

as well as in Southland, and in parts of the West Coast region. Smaller increases were seen in many 

other parts of the country. 
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Figure 40. Change in dairy cattle density in New Zealand from 2000 to 2014 at (a) meshblock 

and (b) census area unit levels. Adapted from AgribaseTM database. 

When the change in dairy cattle density was categorised in an attempt to look at the potential change 

in exposure and mapped, it was again difficult to discern clear spatial patterns at the meshblock level 

(Figure 41(a)). There were a large number of meshblocks that were categorised as “new exposure”, 

“increase”, and “decrease” during the study period. However, when mapped at the CAU level (Figure 

41(b)), most of the country fell into the “increase” category, which served to indicate areas where 

dairy cattle density was greater than zero at the start of the study and had increased further by 2014. 

There were also a few areas that were categorised as “new exposure” or “decrease” at the CAU level.  
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Figure 41. Change in exposure to dairy cattle in New Zealand from 2000 to 2014 at (a) 

meshblock and (b) census area unit levels. Adapted from AgribaseTM database. 

New Zealand’s population has become increasingly urban over time and in 2006 approximately 72% 

of the population lived in main urban areas, while only 14% of the population resided in rural areas 

(Environmental Health Indicators New Zealand 2019). Furthermore, the size of cities in New 

Zealand, both in terms of population and land area has grown over time (Environmental Health 

Indicators New Zealand 2019). When dairy cattle density was compared to human population density, 

it appeared that the number of meshblocks with both medium to high dairy density and medium to 

high human density had increased substantially over time, increasing from only a handful of 

meshblocks in 2000/2001 to over a thousand in 2013/2014 (Figure 42). These meshblocks tend to be 

small and are often situated on the outskirts of cities and large towns. For example, the city of 

Hamilton located in the Waikato region, has a number of meshblocks with both medium to high dairy 

density and medium to high human density that are situated around the edge of the city (Figure 43).  
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Figure 42. Meshblocks with moderate to high human population density and moderate to high dairy cattle density in New Zealand over 
time. Adapted from AgribaseTM database dairy cattle estimates for 2000, 2006, and 2014 and Statistics New Zealand’s usually resident 

population census data for 2001, 2006, and 2013.  
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Figure 43. Meshblocks with moderate to high human population density in 2013 and 

moderate to high dairy cattle density in 2014 in Hamilton, New Zealand and surrounding 
area. Adapted from AgribaseTM database and Statistics New Zealand's usually resident 

census data for 2013. 

4.5 Discussion 

Dairy cattle numbers have increased substantially in New Zealand in recent decades. Maps of 

dairy cattle density indicate that dairy cattle have recently been introduced to areas of the country 

where they had not previously been farmed. This finding is consistent with the literature, which 

states that dairy cattle have been introduced to new areas throughout New Zealand and land that 

was once used for beef or sheep farming has been converted to dairy farming in recent years 

(Smith 2004, MacLeod 2006).  

Dairy cattle density in well-established dairy farming regions, such as Waikato and Taranaki, was 

high throughout the study period. However, when the change in dairy cattle density was mapped, 

it became evident that those areas had still seen substantial increases in dairy cattle density. Rapid 

intensification was evident in the Canterbury Plains and Southland, with many areas going from 

relatively low dairy cattle densities to high dairy cattle densities over the course of 14 years. 

There were also marked increases in dairy cattle densities in parts of Northland, the Bay of Plenty, 

lower Manawatu-Wanganui, and the West Coast. 

High dairy cattle density represents a significant potential exposure to pathogens. Cattle can 

excrete pathogens in their manure and these pathogens can persist in the environment (FAO 2006, 
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Cavirani 2008, Toth 2013, McDaniel 2014). Cattle produce an average of 28 kg of manure (wet 

weight) each day (Vanderholm 1984, Haynes 1993), the bulk of which goes untreated and is 

directly deposited to pasture (Bolan 2009, FAO 2010a, Ministry for the Environment 2016). Only 

a small proportion of dairy cattle excreta is collected and treated in New Zealand (Box 1). 

Furthermore, dairy cattle are much more likely to defecate in streams than on adjacent raceways 

(Davies-Colley 2004). It has been estimated that one dairy cow excretes faecal bacteria equivalent 

to that excreted by approximately 14 humans (Environment Waikato 2008, Foote 2015), which 

represents a nationwide equivalent of over 90 million people (Foote 2015). However, the majority 

of human wastewater in New Zealand is treated to some extent before release (Taylor 1997). The 

volume of untreated manure produced by New Zealand’s dairy cattle is of concern both for the 

environment and for public health.  

Box 1. Manure deposition and treatment in New Zealand 

While the bulk of manure produced on New Zealand farms is directly deposited to pasture (Bolan 
2009, FAO 2010a, Ministry for the Environment 2016), approximately 6-10% of excreta is 
deposited in the milking shed or in collecting yards (Bolan 2009). Approximately 50 litres of 
effluent is produced per cow each day when the milking shed and collecting yards are cleaned with 
a high pressure hose (Bolan 2009). It has been estimated that New Zealand dairy sheds produce a 
total of 70 million cubic meters of effluent each year (Bolan 2009), although this has likely 
increased with rising dairy cow numbers.  

The intensification of dairy farming in New Zealand has led to more farms temporarily removing 
stock from pasture, either to protect the soil from damage or to facilitate the provision of 
supplemental feed (Bolan 2009). This has led to the construction of specialised facilities, such as 
stand-off pads and feed pads (Bolan 2009). Covered systems such as wintering barns or herd homes 
are also becoming more common (Bolan 2009). The partial or total confinement of cows during 
wet winter weather leads to the production of even larger quantities of effluent (Bolan 2009). 

Dairy farms have traditionally treated smaller quantities of dairy effluent from milk sheds and 
collecting yards biologically in a passive two-pond system (Bolan 2009). The two-pond system 
consists of an anaerobic pond and a facultative pond (e.g. aerobic layer over an anaerobic base) 
(Bolan 2009). The two-pond system can effectively remove suspended solids and carbon, reducing 
biological oxygen demand, but is less effective at removing nutrients (Bolan 2009). In the past 
decade, some New Zealand farms have introduced advanced pond systems to treat dairy effluent 
(Bolan 2009). These systems use up to four different ponds to optimise wastewater treatment and 
may improve microbial disinfection and reduce nutrient levels (Bolan 2009). Only 5% of the dairy 
effluent produced in New Zealand is treated using anaerobic lagoon waste systems (Ministry for 
the Environment 2016).  

After treatment, farm effluents are typically discharged to surface waters or applied to agricultural 
fields (Bolan 2009). The Resource Management Act 1991 requires that the discharge of farm 
effluents to surface waters receive resource consent as a regulated activity (New Zealand 
Government 1991, Bolan 2009). Resource consent approval generally requires nutrient 
concentrations to be minimised before effluent can be discharged to waterways, and many regional 
councils encourage land application of farm effluents (Bolan 2009). However, there are still a 
number of environmental and health concerns associated with land application, including the 
contamination of surface waters with soluble and particulate phosphorus, leaching of nitrogen in 
subsurface drainage to groundwater, the transport of microbial contaminants, increased metal inputs 
to soils, and reduced local air quality due to the emission of volatile organic compounds (Bolan 
2009).  
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Environmental exposure to bovine zoonotic pathogens may be of particular concern in rural  and 

peri-urban areas of New Zealand. Increased interaction between humans and dairy cattle or the  

farm environment may occur in rural areas where dairy cattle have been newly introduced or in 

peri-urban areas with both higher human density and higher dairy cattle density. Increased 

interaction between humans and dairy cattle, and the farm environment may increase the 

transmission of zoonotic pathogens. Peri-urban exposure to bovine zoonoses may become 

increasingly important as both the human and dairy cattle populations change over time.  

The increase in dairy cattle densities, even in areas in which dairy cattle have continuously been 

farmed, may also lead to higher pathogen loads to the environment through increased manure 

production on farms. However, higher dairy cattle densities may not necessarily lead to increased 

zoonotic disease incidence rates. For example, it is possible that long-term exposure to certain 

pathogens, which may occur in areas with consistently higher dairy cattle numbers, may confer a 

degree of immunity (Havelaar 2009). The relationship between zoonotic disease rates and dairy 

cattle density in New Zealand is not clear and requires additional research. 



 224 



 225 

Chapter 5                                                                                                

Zoonotic Enteric Diseases and Dairy Cattle Density and 

Exposure in New Zealand 

5.1 Chapter Aims 

Aims are (i) to explore spatial patterns in selected zoonotic diseases in New Zealand over time; 

(ii) to compare spatial patterns in selected zoonotic diseases to spatial patterns of dairy cattle 

density in New Zealand; and (iii) to assess the dynamic relationship between dairy cattle density 

and rates of selected zoonotic diseases in New Zealand. 

5.2 Introduction 

Land use change can be an important driver of infectious disease outbreaks (Patz 2004). In New 

Zealand there has been a widespread conversion of land to dairy farming and rapid intensification 

of dairy production in recent decades (Smith 2004, MacLeod 2006, Winkworth 2010). The 

number of dairy cattle increased from around two million in the early 1980s to over six million in 

2014 (MacLeod 2006, Statistics New Zealand 2017). This dramatic change may create 

opportunities for infectious diseases to emerge or increase in local human populations 

(Winkworth 2010). Specifically, the increase in dairy cattle numbers represents a potential 

substantial increase in exposure to zoonotic pathogens, especially in rural and peri-urban areas 

(Chapter 4) and may contribute to elevated enteric disease rates in New Zealand.  

Dairy cattle are a known reservoir for a number of pathogens that can cause human illness, 

including Campylobacter spp., Cryptosporidium spp., Giardia spp., Salmonella spp., and Shiga 

toxin-producing Escherichia coli (STEC), as noted in Chapter 2. While other agricultural animals, 

such as sheep, are also a reservoir for these pathogens (Cookson 2006, Baker 2007c, Winkworth 

2010, Moriarty 2011, Lal 2014), dairy cattle are often farmed with higher stocking densities than 

sheep or beef cows in New Zealand (Winkworth 2010). Therefore, this thesis focuses primarily on 

the relationship between dairy cattle density and selected zoonotic enteric diseases in New 

Zealand. Specifically, campylobacteriosis, cryptosporidiosis, giardiasis, salmonellosis, and STEC 

infection rates are examined in this chapter. 

Generally, humans can be infected with zoonotic enteric pathogens through direct contact with 

cattle, cattle excreta, or contaminated surfaces; inhalation of aerosols; ingestion of contaminated 

food or drinking water; or recreational contact with contaminated waterways (Toth 2013, 

McDaniel 2014, ESR 2018). Dairy conversion and intensification could substantially increase 
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microbial contamination through the production of high quantities of manure (Pell 1997). 

Increases in microbial contamination could in turn lead to an increase in the risk of pathogen 

transmission to humans, especially through contact with, or consumption of contaminated water 

(Pell 1997, Ferguson 2003, Winkworth 2010). 

Waterborne transmission of zoonotic enteric pathogens through contact with contaminated 

recreational waters or through the consumption of contaminated drinking water, is of particular 

concern in areas with high dairy cattle densities (Thorburn 2010, Sing 2015). Contamination of 

water with pathogens occurs through animal contact with waterways (Davies-Colley 2004, 

Collins 2007, Thorburn 2010), through faecal runoff into surface waters (FAO 2006, Collins 

2007, Thorburn 2010), or through the leaching of faecal matter through the soil matrix into 

groundwater (Ferguson 2003, Collins 2007). Faecal runoff can increase during periods of heavy 

rainfall (Ferguson 2003, Thorburn 2010) and under high livestock densities (Collins 2007, 

Thorburn 2010). Therefore, as dairy cattle densities increase in New Zealand, contamination of 

waterways with zoonotic enteric pathogens may also increase. Furthermore, a considerable 

proportion of New Zealand’s population is either served by water supplies that are not compliant 

with national E. coli and protozoal drinking water standards or use a non-reticulated water source  

(Thorburn 2010, Ministry of Health 2018). 

Annual notified incidence rates for campylobacteriosis, cryptosporidiosis, giardiasis, 

salmonellosis, and STEC infection in New Zealand are high relative to other high-income nations 

(Snel 2009a, Thorburn 2010, Lal 2013b). Regional spatial patterns and overall trends in annual 

notified disease incidence rates were briefly discussed in section 2.4.1. Differences in notification 

rates are evident between urban and rural areas for these diseases (Snel 2009a, Thorburn 2010, 

Lal 2012a, Jaros 2013). This suggests that direct transmission from contact with animals and 

contaminated environments, or indirect transmission through contaminated water may be 

particularly important in rural areas (Mullner 2010b, Thorburn 2010, Lal 2012a, Spencer 2012, 

Jaros 2013), while foodborne and person-to-person transmission may be more important in urban 

areas (Snel 2009a, Mullner 2010b, Spencer 2012).  

A number of studies have examined the potential influence of livestock densities on disease rates 

in New Zealand. A study that aimed to investigate the spatial and temporal epidemiology of 

campylobacteriosis in New Zealand examined three different regions in order to account for 

different levels of rurality (Spencer 2012). Specifically, the study focused on Auckland, 

Canterbury, and Manawatu, which represented urban, mixed, and rural populations, respectively 

(Spencer 2012). A multiple Poisson regression model indicated that dairy cattle density was 

significantly associated with campylobacteriosis notifications in both Canterbury and Manawatu 

(Spencer 2012). Sheep density was also associated with notifications in Canterbury and 
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Manawatu, but beef cattle density was not a significant predictor in any of the regions, possibly 

due to differences in management practices between beef and dairy farming and the degree of 

human contact with faecal matter (Spencer 2012). Distance to the nearest poultry farm was also a 

significant variable in Canterbury and Manawatu, but with opposing effects between the regions 

(Spencer 2012). 

Another study analysed national notification data for cryptosporidiosis from 1997 to 2006 in New 

Zealand (Snel 2009a). In order to examine potential zoonotic transmission, farm animal density 

was calculated at the territorial authority level and was regressed to disease rates (Snel 2009a).  

Overall, higher rates of cryptosporidiosis were seen in the Central North Island, which coincided 

with higher dairy cattle densities, and in rural parts of the South Island, which tend to have higher 

sheep densities (Snel 2009a). The rate of cryptosporidiosis was 2.84 (95%CI 2.66-3.03) times 

higher in rural areas than in urban areas and the study found a dose-response relationship between 

rurality and rates of cryptosporidiosis (i.e. higher grades of rurality were associated with a higher 

risk of cryptosporidiosis infection) (Snel 2009a). Cryptosporidiosis rates showed a small positive 

correlation with farm animal density at the territorial authority level and the distribution of 

cryptosporidiosis was consistent with animal reservoirs acting as important sources of human 

infections (Snel 2009a). 

The same study also analysed national notification data for giardiasis for the same period (Snel 

2009a). There was a slightly higher rate of giardiasis in rural areas than in urban areas, but the 

effect was not as pronounced as for cryptosporidiosis and no dose-response relationship between 

rurality and giardiasis rates was detected (Snel 2009a). Giardiasis rates did not show any 

correlation with farm animal density, and the distribution of giardiasis was consistent with 

anthroponotic transmission (Snel 2009a). However, the researchers suggested that future studies 

investigate the relationship between animal density, drinking water quality, and cryptosporidiosis 

and giardiasis rates at a finer spatial resolution than the territorial authority level in New Zealand 

(Snel 2009a). Subsequently, another study that examined cryptosporidiosis incidence in children 

aged 0-5 years from 1997 to 2008 found that the risk of illness was significantly higher in rural 

census area units3 with medium and high dairy cattle densities, when compared to areas with no 

dairy cattle (IRR 1.7, 95%CI 1.3-2.3 and IRR 2.0, 95%CI 1.5-2.8, respectively) (Lal 2016). 

A review of the epidemiology of salmonellosis cases in New Zealand indicated that salmonellosis 

risk is significantly higher in rural areas (Lal 2012a). Additionally, studies have reported an 

association between peak salmonellosis rates in humans and certain farming practices (Clark 

2004, Lal 2012a), and occupational contact with sheep (Baker 2007c, Lal 2012a). To the author’s 

 
3 Census area units are at a finer spatial resolution than territorial authorities in New Zealand 
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knowledge the relationship between salmonellosis rates and dairy cattle density has not been 

directly assessed. 

With regard to STEC, a prospective case-control study conducted from 2011 to 2012 examined 

risk factors associated with domestically acquired sporadic infections in humans in New Zealand 

(Jaros 2013). The study found that animal and environmental (e.g. recreational water) contact 

were important exposure pathways in New Zealand (Jaros 2013). Additionally, contact with 

animal manure and residence in a meshblock in which cattle were present were also significant 

risk factors (Jaros 2013). There was also a higher relative risk for infection in dairy farming 

regions, including Northland, Waikato, Taranaki, Canterbury, and Southland (Jaros 2013). 

This chapter explores the spatial patterns of campylobacteriosis, cryptosporidiosis, giardiasis, 

salmonellosis, and STEC infection incidence rates at a fine resolution (i.e. meshblock and census 

area unit level). The spatial patterns of disease rates are also compared to the spatial patterns of 

dairy cattle density in New Zealand. Finally, the dynamic relationship between disease rates and 

dairy cattle density in New Zealand is assessed. Specifically, the change in disease rates is 

compared across categories of change in dairy cattle density and change in exposure to dairy 

cattle density. To the author’s knowledge, this is the first time the dynamic relationship has been 

investigated in New Zealand; past studies have solely used static disease incidence rates and dairy 

cattle density. 

5.3 Methods 

5.3.1 Data Collection 

Zoonotic disease data 

All notified cases of campylobacteriosis, cryptosporidiosis, giardiasis, salmonellosis, and Shiga 

toxin-producing Escherichia coli infection from 1997 to 2015 in New Zealand were obtained 

from the National Notifiable Disease Surveillance system, which is maintained by the Institute of 

Environmental Science and Research (ESR). The time period chosen was a period of rapid 

intensification in dairy farming across New Zealand, with an increase in dairy cattle numbers and 

stocking densities (Chapter 4). No major changes were made to the surveillance of these 

notifiable diseases from 1997 to 2007, but direct laboratory notification began in 2008 (Ministry 

of Health 2007). Each notified case was assigned both a 2006 and a 2013 meshblock code based 

on the home address of the patient. When the address for a case was unknown it was geocoded to 

the address of the regional Public Health Service (ESR 2017b). 
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Population Data 

Meshblock level population estimates were obtained for census years 2001, 2006, and 2013 from 

Statistics New Zealand. Meshblock population estimates for 2013 were based on 2013 meshblock 

boundaries, while the 2001 and 2006 population estimates were based on 2006 meshblock 

boundaries. Statistics New Zealand provides a geographic concordance file for matching 2013 

census area unit (CAU) codes to corresponding 2006 CAU codes. However, a concordance file 

was not available at the meshblock level and therefore spatial methods were employed in ArcGIS 

to derive 2013 population estimates on 2006 meshblock boundaries. Using geographic boundary 

files obtained from Statistics New Zealand, the 2013 population estimates were joined to a 2013 

meshblock boundaries shapefile. The resultant layer was then spatially joined to the 2006 

meshblock boundary shapefile to provide 2013 population estimates on 2006 meshblock 

boundaries. The 2001 and 2006 population estimates were directly joined to a 2006 meshblock 

boundaries shapefile. CAU level population estimates were calculated by summing the population 

estimates for all meshblocks within a CAU. 

Incidence Rates 

Five-year average disease notification rates were calculated using the average case counts per 

meshblock for the periods 1997-2001, 2002-2006, and 2009-2013, divided by the usual resident 

population for each meshblock as reported in census years 2001, 2006, and 2013, respectively. 

Five-year average disease notification rates were also calculated at the CAU level in the same 

manner. 

New Zealand Deprivation Index (NZDep) 

Estimates of deprivation by meshblock and CAU for 2006 were obtained from the Department of 

Public Health at the University of Otago, Wellington. The NZDep2006 index of deprivation combines 

nine variables from the 2006 census that reflect eight different dimensions of deprivation: income, 

home ownership, support, employment, qualifications, living space, communication, and transport 

(Salmond 2007). NZDep2006 provides a deprivation score for each meshblock and CAU in New 

Zealand (Salmond 2007).  

CAU level NZDep2006 scores were compared to NZDep2001 and NZDep2013 using paired t-tests in 

SPSS Statistics (IBM Corp. 2017) to determine whether deprivation scores changed significantly over 

time. NZDep2001 and NZDep2006 scores were positively correlated (r=0.958 , p<0.001), but there 

was not a significant average difference between NZDep2001 and NZDep2006 scores (t=-0.770, 1678 

degrees of freedom, p=0.441). On average, NZDep2001 scores were 0.437 points lower than 

NZDep2006 scores (95% CI -1.551, 0.676). NZDep2001 and NZDep2013 scores were positively 

correlated (r=0.937, p<0.001) and there was a significant average difference between the scores (t=-
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3.365, 1671 degrees of freedom, p=0.001). On average, NZDep2001 scores were 2.325 points lower 

than NZDep2013 scores (95% CI -3.681, -0.970). NZDep2006 and NZDep2013 scores were also 

positively correlated (r=0.944 , p<0.001) and there was a significant average difference between 

NZDep2006 and NZDep2013 scores (t=-2.870, 1773 degrees of freedom, p=0.004). On average, 

NZDep2006 scores were 1.802 points lower than NZDep2013 scores (95% CI -3.034, -0.571). 

Overall, while the deprivation index scores did change significantly from 2001 to 2013 and from 2006 

to 2013 with a trend towards increased deprivation scores (i.e. lower scores indicate less deprived 

areas, while higher scores indicate more deprived areas), the change in scores over time was not large 

and the use of NZDep2006 scores across the entire study period was deemed appropriate. 

5.3.2 Mapping 

All geographic data were projected to New Zealand Transverse Mercator 2000. Each meshblock 

has a unique identifier that allowed for the linkage of dairy cattle numbers, disease notification 

cases, and population data. The boundaries of some meshblocks have changed with each census, 

therefore the 2006 meshblock pattern was used across the entire study period for uniformity. Each 

CAU also has a unique identifier that allowed for the linkage of data and the 2006 CAU pattern 

was used across the entire study period. Five-year average disease rates for the periods 1997-

2001, 2002-2006, and 2009-2013 were mapped at the meshblock level (Appendix C) and at the 

CAU level. Specifically, Spatial Empirical Bayes Smoothed disease rates were calculated using 

GeoDaTM software (Anselin 2003) at both the meshblock and CAU levels. The Empirical Bayes 

smoothing of disease rates stabilises disease rates using information from neighbouring areas to 

adjust the estimated incidence. This method has been recommended for studies using small areal 

units, such as meshblocks and census areas units. Maps were created using ArcGIS. 

5.3.3 Statistical Methods 

Potential associations between the change in disease rates and the change in dairy cattle densities 

were investigated at a fine spatial resolution. Five-year average disease rates were plotted against 

dairy cattle density for each time period (1997-2001, 2002-2006, and 2009-2013) using a 

logarithmic scale (Appendix D). A loess curve with an Epanechnikov kernel fitted to 50% of 

points was added to each scatterplot. However, a number of areas had a dairy cattle density of 

zero and/or a disease incidence rate of zero, which strongly skewed the fitted curve. Therefore, 

the data included in the scatterplots was restricted to areas with dairy cattle density greater than 

zero and with the respective disease rate greater than zero. 

Next, the change in disease rates over time was examined in relation to the change in dairy cattle 

density. The change in disease rates was calculated by subtracting the five-year average rates for 

the period 1997-2001 from the five-year average rates for the period 2009-2013. The change in 
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dairy cattle density was calculated and areas were split into five different categories, as previously 

described in Chapter 4: (i) decrease, (ii) no change, (iii) small increase, (iv) medium increase, and 

(v) large increase. Then, due to non-normal distribution of the data and unequal standard 

deviations, non-parametric Kruskal-Wallis tests (p<0.05) were used to compare disease rates 

across the categories of change in dairy cattle density and Dunn-Bonferroni post hoc tests were 

used to make pairwise comparisons between the categories. Analyses were conducted using SPSS 

Statistics (IBM Corp. 2017). 

Areas were also categorised by the change in potential exposure to dairy cattle density from 2000 

to 2014, as described in Chapter 4: (i) new exposure, (ii) increase in exposure, (iii) decrease in 

exposure, (iv) intermittent exposure, (v) other pattern of exposure, and (vi) no dairy. Non-

parametric Kruskal-Wallis tests were again used to compare the mean change in disease rates 

between the categories of change in exposure to dairy cattle density. Dunn-Bonferroni post hoc 

pairwise comparisons were made between the categories. 

Finally, the mean change in disease rates between both categories of change in dairy cattle density 

and categories of change in exposure to dairy cattle density were compared with the data 

restricted to (i) the most deprived areas, (ii) the least deprived areas, and (iii) notified cases in 

children under the age of five years. Tertiles of socioeconomic deprivation were calculated using 

the 2006 New Zealand Deprivation Index. These comparisons were conducted to ensure that any 

trends detected in the full dataset were not explained solely by demographic variables. 

The analyses were initially conducted at the meshblock level, which was the smallest areal unit 

for which population and agricultural data were available, in order to avoid the modifiable areal 

unit problem4. However, the results may have been distorted because dairy cattle were allocated 

to a single meshblock even if a farm spanned multiple meshblocks. Therefore, the data was 

aggregated to the census area unit level, which spatially smoothed dairy cattle density estimates. 

Specifically, dairy cattle numbers for all meshblocks within a CAU were summed and divided by 

the land area of the CAU to calculate dairy density at the CAU level. The five-year average 

disease rates per 100,000 population were recalculated at the CAU level in a similar fashion. The 

analyses were then completed again using the same methodology. 

 
4 The modifiable areal unit problem (MAUP) is a statistical bias effect in which patterns that are observed 
across small areas may be a function of the chosen boundaries rather than the underlying spatial distribution 
of the attribute of interest (Pfeiffer 2008). As a general rule of practice, analysis of area data should be 
completed using the smallest area units for which data are available and aggregation should be avoided 
unless there are good reasons for doing so (Pfeiffer 2008). Some researchers have advised re-analysing the 
same dataset using different polygonal boundaries when practical (Pfeiffer 2008). 
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5.3.4 Ethical Approval 

This study was approved by the University of Otago Human Ethics Committee on 16 May 2017.  

5.3.5 Māori Consultation 

Recommendations and advice were received from the Ngāi Tahu Research Consultation 

Committee on 13 September 2017 and taken into consideration. 

5.4 Results 

5.4.1 Spatial Patterns of Zoonotic Enteric Diseases in New Zealand 

As noted in Chapter 2, campylobacteriosis rates peaked in New Zealand in 2006. The peak in 

rates was evident when campylobacteriosis rates were mapped over time (Figure 44). However, 

the maps display considerable spatial heterogeneity, complicating the visual comparison between 

the spatial patterns of campylobacteriosis rates and dairy cattle densities (Chapter 4). With regard 

to cryptosporidiosis, areas in the Waikato, Hawke’s Bay, West Coast, Otago, Southland, and 

Canterbury regions displayed elevated incidence rates over time throughout the study period 

(Figure 45). Giardiasis rates seem to have declined from the period 1997-2001 to the period 2002-

2006 (Figure 46). However, the rates seem to have increased again for many areas in 2009-2013. 

On the North Island, a number of CAUs in the vicinity of Lake Taupo and in the upper Waikato 

region had higher rates for the period 2009-2013. On the South Island, areas of the West Coast, 

Canterbury, and Otago regions also had high rates for the same period. Salmonellosis rates in 

New Zealand seem to have decreased steadily over time, although there have been consistently 

higher rates on the South Island, especially for parts of the West Coast, Canterbury, Otago, and 

Southland regions (Figure 47). STEC infection rates increased steadily over time in New Zealand, 

and several of the regions with higher notification rates also have higher dairy cattle densities, 

including Waikato, Taranaki, Canterbury, Otago, and parts of Southland and the West Coast 

(Figure 48). Increases in STEC infection rates in Canterbury, Otago, and Southland from the 

period 1997-2001 to the period 2009-2013 coincide with the expansion and intensification of the 

dairy industry in those regions.
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Figure 44. Empirical Bayes Smoothed incidence rates for campylobacteriosis in New Zealand for the periods 1997-2001, 2002-2006, and 
2009-2013 at the census area unit level. 



 234 

 
 

 
Figure 45. Empirical Bayes Smoothed incidence rates for cryptosporidiosis in New Zealand for the periods 1997-2001, 2002-2006, and 2009-2013 at 

the census area unit level. 
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Figure 46. Empirical Bayes Smoothed incidence rates for giardiasis in New Zealand for the periods 1997-2001, 2002-2006, and 2009-2013 at the 

census area unit level. 
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Figure 47. Empirical Bayes Smoothed incidence rates for salmonellosis in New Zealand for the periods 1997-2001, 2002-2006, and 2009-2013 at the 

census area unit level. 
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Figure 48. Empirical Bayes Smoothed incidence rates for STEC/VTEC infection in New Zealand for the periods 1997-2001, 2002-2006, and 2009-

2013 at the census area unit level
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5.4.2 Relationship Between Zoonotic Disease Rates and Dairy Cattle Density 

No clear patterns emerged between five-year average disease rates and dairy cattle density at the 

meshblock level on visual examination (Appendix D). When the mean change in five-year average 

disease rates for the period 2009-2013 were compared across categories of change in dairy cattle 

density, it appeared that meshblocks with larger increases in dairy cattle density had larger reductions 

disease rates (Appendix D). The observed trends persisted when the analyses were conducted with the 

data restricted to the most deprived tertile of meshblocks, to the least deprived tertile of meshblocks, 

and to the cases in children under the age of five years. 

Next, the data was aggregated at the CAU level. However, no clear patterns emerged from the visual 

inspection of the data (Appendix E). The mean change in 5-year average disease rates for CAUs were 

then compared across categories of change in dairy cattle density (Figure 49).  
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Figure 49. Mean change in 5-year average disease rates per 100,000 population at the census 

area unit level in New Zealand from the period 1997-2001 to the period 2009-2013, by 
categories of dairy cattle density change. 

Overall, campylobacteriosis rates decreased across all categories of dairy density change (Figure 49, 

Table 9). The biggest rate decreases were in CAUs that had no dairy or had a decrease in dairy 

density from 2000 to 2014. CAUs that had a large increase or no change in dairy cattle density had 

the smallest decrease in campylobacteriosis rates over time. A Kruskal-Wallis test indicated that there 

was a statistically significant difference in the mean change in campylobacteriosis rates between the 

categories of change in dairy cattle density (H=144.880, p<0.001). Dunn-Bonferroni post hoc 

pairwise comparisons specified that CAUs with no dairy had significantly larger reductions in 

campylobacteriosis rates than CAUs that were categorised as no change (p=0.004), small increase 

(p<0.001), medium increase (p<0.001), or large increase (p<0.001) in dairy cattle density (Table 10). 

Additionally, CAUs that experienced a medium increase in dairy cattle density had significantly 

larger reductions in campylobacteriosis rates than CAUs that experienced a large increase in dairy 

cattle density (p=0.005). 
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Table 9. Comparison of mean change in campylobacteriosis 5-year average rates per 100,000 
population from the period 1997-2001 to the period 2009-2013 for New Zealand census area 

units, by categories of change in dairy cattle density from 2000 to 2014 

Categories of dairy cattle density change Frequency Mean Std. Deviation 
Decrease 42 -45.3711 151.61786 
No change 96 -0.2198 1219.69189 
Small increase  286 -23.3176 268.97604 
Medium increase  289 -27.0169 591.00995 
Large increase  256 -5.8200 153.79728 
No dairy  860 -98.1328 169.71352 
Total 1829 -55.9254 403.26942 

 

Table 10. Pairwise comparison of mean change in campylobacteriosis 5-year average disease 
rates per 100,000 population from the period 1997-2001 to the period 2009-2013 for New 

Zealand census area units, by change in dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test Statistic Std. Error Std. Test 
Statistic 

Sig. Adj. Sig.a 

No dairy - Decrease 182.308 83.454 2.185 .029 .434 
No dairy - Medium increase 198.370 35.907 5.525 .000 .000 
No dairy - No change 208.748 56.828 3.673 .000 .004 
No dairy - Small increase 322.412 36.048 8.944 .000 .000 
No dairy - Large increase 362.074 37.599 9.630 .000 .000 
Decrease - Medium increase -16.063 87.208 -.184 .854 1.000 
Decrease - No change -26.440 97.701 -.271 .787 1.000 
Decrease - Small increase -140.104 87.266 -1.605 .108 1.000 
Decrease - Large increase -179.766 87.919 -2.045 .041 .613 
Medium increase - No change 10.378 62.210 .167 .868 1.000 
Medium increase - Small increase 124.041 44.047 2.816 .005 .073 
Medium increase - Large increase -163.703 45.326 -3.612 .000 .005 
No change - Small increase -113.664 62.292 -1.825 .068 1.000 
No change - Large increase -153.326 63.202 -2.426 .015 .229 
Small increase - Large increase -39.662 45.437 -.873 .383 1.000 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 
Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 
a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 

Cryptosporidiosis rates increased slightly in CAUs that had a decrease in dairy cattle density or had 

no dairy cattle (Figure 49, Table 11). The largest increase in cryptosporidiosis rate was in CAUs that 

had no change in dairy cattle density. CAUs that had an increase in dairy cattle density saw a mean 

decrease in cryptosporidiosis rates over time. However, there was not a statistically significant 

difference in the mean change in cryptosporidiosis rates between the categories of change in dairy 

cattle density (Kruskal-Wallis test, H=6.930, p=0.226), therefore post hoc pairwise comparisons were 

not computed. 
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Table 11. Comparison of mean change in cryptosporidiosis 5-year average rates per 100,000 
population from the period 1997-2001 to the period 2009-2013 for New Zealand census area 

units, by categories of change in dairy cattle density from 2000 to 2014 

Categories of dairy cattle density change  Frequency Mean Std. Deviation 
Decrease 42 1.1498 28.39387 
No change  96 26.9314 291.69373 
Small increase  286 -3.5436 56.52633 
Medium increase  289 -4.5292 72.03581 
Large increase 256 0.5537 52.38355 
No dairy 861 0.7644 35.83804 
Total 1830 0.6072 82.35418 

 

Giardiasis rates decreased slightly across all categories of change in dairy cattle density except for 

CAUs with no change in dairy cattle density, in which incidence rates increased over time (Figure 49, 

Table 12). A Kruskal-Wallis test indicated that there was not a statistically significant difference in 

the mean change in giardiasis rates between the categories of change in dairy cattle density (H=8.658, 

p=0.124). 

Table 12. Comparison of mean change in giardiasis 5-year average rates per 100,000 population 
from the period 1997-2001 to the period 2009-2013 for New Zealand census area units, by 

categories of change in dairy cattle density from 2000 to 2014 

Categories of dairy cattle density change Frequency Mean Std. Deviation 
Decrease 42 -7.1082 40.12990 
No change  96 9.5637 124.11916 
Small increase 286 -4.4579 97.99169 
Medium increase  289 -12.8411 84.88939 
Large increase  256 -6.2752 61.55842 
No dairy  861 -5.7667 51.96051 
Total 1830 -5.9771 72.70232 

Salmonellosis rates decreased across all categories (Figure 49, Table 13). The largest decreases were 

in CAUs with small or medium increases in dairy cattle density. However, there was not a statistically 

significant difference in the mean change in salmonellosis rates between the categories of change in 

dairy cattle density (Kruskal-Wallis test, H=5.859, p=0.320) and post hoc pairwise comparisons were 

not computed. 
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Table 13. Comparison of mean change in salmonellosis 5-year average rates per 100,000 
population from the period 1997-2001 to the period 2009-2013 for New Zealand census area 

units, by change in dairy cattle density from 20000 to 2014 

Categories of dairy cattle density change  Frequency Mean Std. Deviation 
Decrease  42 -20.0834 51.99023 
No change  96 -21.6004 138.21190 
Small increase  286 -31.2289 78.30035 
Medium increase  289 -27.4379 95.72871 
Large increase  256 -20.2666 56.31747 
No dairy  861 -21.4625 39.32283 
Total 1830 -23.7408 68.08814 

STEC infection rates were the only disease rates to increase across all categories of change in dairy 

cattle density (Figure 49, Table 14). The largest increase in STEC infection rate was in CAUs with no 

change in dairy cattle density, followed by CAUs that saw a small increase from 2000 to 2014. There 

was a statistically significant difference in mean change in STEC infection rates between the 

categories of change in dairy cattle density (Kruskal-Wallis test, H=13.547, p=0.019). Dunn-

Bonferroni post hoc pairwise comparisons indicated that CAUs that had a small increase in dairy 

density had a significantly higher mean change in STEC infection rate than CAUs with a large 

increase in dairy density (p=0.10) (Table 15). Additionally, CAUs with a small increase in dairy 

density had a significantly higher mean change in STEC infection rate than CAUs with no dairy cattle 

(p=0.037).  

Table 14. Comparison of mean change in STEC/VTEC infection 5-year average rates per 
100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand census 

area units, by change in dairy cattle density from 2000 to 2014 

Categories of dairy cattle density change  Frequency Mean Std. Deviation 
Decrease 42 2.5258 10.85227 
No change 96 6.7506 49.93907 
Small increase 286 4.9136 20.64795 
Medium increase 289 2.3521 20.30962 
Large increase 256 2.0467 13.39690 
No dairy 861 2.0856 8.92806 
Total 1830 2.8191 18.10892 
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Table 15. Pairwise comparison of mean change in STEC/VTEC infection 5-year average rates 
per 100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand 

census area units, by change in dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 
Statistic 

Std. Error Std. Test 
Statistic 

Sig. Adj. Sig.a 

Large increase - Medium increase 34.010 37.946 .896 .370 1.000 
Large increase - No dairy -38.269 31.474 -1.216 .224 1.000 
Large increase - No change 40.263 52.912 .761 .447 1.000 
Large increase - Decrease 62.180 73.605 .845 .398 1.000 
Large increase - Small increase 129.662 38.040 3.409 .001 .010 
Medium increase - No dairy -4.259 30.057 -.142 .887 1.000 
Medium increase - No change 6.253 52.082 .120 .904 1.000 
Medium increase - Decrease 28.170 73.010 .386 .700 1.000 
Medium increase - Small increase 95.652 36.876 2.594 .009 .142 
No dairy - No change 1.994 47.573 .042 .967 1.000 
No dairy - Decrease 23.911 69.865 .342 .732 1.000 
No dairy - Small increase 91.393 30.174 3.029 .002 .037 
No change - Decrease 21.917 81.794 .268 .789 1.000 
No change - Small increase -89.399 52.150 -1.714 .086 1.000 
Decrease - Small increase -67.483 73.059 -.924 .356 1.000 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 
Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 
a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 

The mean change in 5-year average disease rates for CAUs was then compared across categories of 

change in exposure to dairy cattle density (Figure 50). Overall, campylobacteriosis rates decreased 

across all categories of change in exposure to dairy cattle density, except for CAUs categorised as 

having a new exposure (i.e. areas that went from zero dairy cattle in 2000 to some in 2014; Table 16). 

Furthermore, campylobacteriosis rates decreased the most in CAUs with no dairy cattle, followed by 

CAUs that had a decrease in potential exposure to dairy cattle density. There was a statistically 

significant difference in the mean change in campylobacteriosis rates between the categories of 

change in exposure to dairy cattle density (Kruskal-Wallis test, H=133.293, p<0.001). Dunn-

Bonferroni post hoc pairwise comparisons indicated that CAUs with no dairy had significantly larger 

reductions in campylobacteriosis rates than CAUs that were categorised as having an increase in 

exposure (p<0.001; Table 17). There was also a significant difference between the mean change in 

campylobacteriosis rates for CAUs with no dairy and for CAUs categorised as having new exposure 

(p<0.001).  
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Figure 50. Mean change in 5-year average disease rates per 100,000 population at the census 

area unit level in New Zealand from the period 1997-2001 to the period 2009-2013, by 
categories of change in exposure to dairy cattle density. 

Table 16. Comparison of mean change in campylobacteriosis 5-year average rates per 100,000 
population from the period 1997-2001 to the period 2009-2013 for New Zealand census area 

units, by change in exposure to dairy cattle density from 2000 to 2014 

Categories of change in exposure to dairy density Frequency Mean Std. Deviation 
New exposure  371 27.1246 787.08107 
Increase  512 -43.4708 246.46061 
Decrease  67 -73.5734 340.20701 
Intermittent  17 -41.4605 167.80699 
Other  2 -32.6391 24.20025 
No dairy  860 -98.1328 169.71352 
Total 1829 -55.9254 403.26942 
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Table 17. Pairwise comparison of mean change in campylobacteriosis 5-year average rates per 
100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand census 

area units, by change in exposure to dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 
Statistic 

Std. Error Std. Test 
Statistic 

Sig. Adj. Sig.a 

No dairy - Decrease 177.313 66.984 2.647 .008 .122 
No dairy - Intermittent 224.111 129.343 1.733 .083 1.000 
No dairy - Other 245.081 373.858 .656 .512 1.000 
No dairy - Increase 258.560 29.479 8.771 .000 .000 
No dairy - New exposure 327.126 32.803 9.973 .000 .000 
Decrease - Intermittent -46.798 143.415 -.326 .744 1.000 
Decrease – Other -67.769 378.957 -.179 .858 1.000 
Decrease - Increase 81.247 68.610 1.184 .236 1.000 
Decrease - New exposure 149.813 70.102 2.137 .033 .489 
Intermittent - Other -20.971 394.780 -.053 .958 1.000 
Intermittent - Increase 34.449 130.193 .265 .791 1.000 
Intermittent - New exposure 103.015 130.985 .786 .432 1.000 
Other – Increase 13.479 374.153 .036 .971 1.000 
Other - New exposure 82.044 374.429 .219 .827 1.000 
Increase - New exposure 68.566 36.006 1.904 .057 .853 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 
Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 
a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 

Cryptosporidiosis rates also increased in CAUs categorised as having new exposure (Figure 50, Table 

18) and there was a statistically significant difference in the mean change in cryptosporidiosis rates 

between the categories of change in exposure to dairy cattle density (Kruskal-Wallis test, H=13.559, 

p=0.019). Dunn-Bonferroni post hoc pairwise comparisons indicated that CAUs with an increase in 

exposure to dairy density had a significant decrease in mean cryptosporidiosis rates in comparison to 

CAUs with no dairy (p=0.031) and CAUs categorised as having new exposure (p=0.033; Table 19).  

Table 18. Comparison of mean change in cryptosporidiosis 5-year average rates per 100,000 
population from the period 1997-2001 to the period 2009-2013 for New Zealand census area 

units, by change in exposure to dairy cattle density from 2000 to 2014 

Categories of change in exposure to dairy density Frequency Mean Std. Deviation 
New exposure  371 10.2413 158.80437 
Increase  512 -6.0845 58.93549 
Decrease  67 -3.7236 43.02688 
Intermittent  17 2.0910 28.56386 
Other 2 -8.6428 12.22273 
No dairy  861 .7644 35.83804 
Total 1830 .6072 82.35418 
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Table 19. Pairwise comparison of mean change in cryptosporidiosis 5-year average rates per 
100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand census 

area units, by change in exposure to dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig.a 
Other - Increase 226.700 373.357 .607 .544 1.000 
Other - Decrease 307.690 378.151 .814 .416 1.000 
Other - No Dairy -317.236 373.063 -.850 .395 1.000 
Other - New Exposure 336.830 373.633 .901 .367 1.000 
Other - Intermittent 378.397 393.940 .961 .337 1.000 
Increase - Decrease -80.990 68.464 -1.183 .237 1.000 
Increase - No Dairy -90.536 29.410 -3.078 .002 .031 
Increase - New Exposure 110.129 35.930 3.065 .002 .033 
Increase - Intermittent -151.697 129.916 -1.168 .243 1.000 
Decrease - No Dairy -9.546 66.839 -.143 .886 1.000 
Decrease - New Exposure 29.139 69.953 .417 .677 1.000 
Decrease - Intermittent -70.707 143.110 -.494 .621 1.000 
No Dairy - New Exposure 19.593 32.727 .599 .549 1.000 
No Dairy - Intermittent 61.161 129.067 .474 .636 1.000 
New Exposure - Intermittent -41.568 130.707 -.318 .750 1.000 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 
Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 
a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 

Giardiasis rates decreased across all categories of exposure to dairy cattle density (Figure 50, Table 

20). Giardiasis rates decreased the most in CAUs categorised as intermittent exposure, followed by 

other and increased exposure. A Kruskal-Wallis test indicated that there was not a statistically 

significant difference in the mean change in giardiasis rates between the categories of change in 

exposure to dairy cattle density (H=5.280, p=0.383). 

Table 20. Comparison of mean change in giardiasis 5-year average rates per 100,000 population 
from the period 1997-2001 to the period 2009-2013 for New Zealand census area units, by 

change in exposure to dairy cattle density from 2000 to 2014 

Categories of change in exposure to dairy density Frequency Mean Std. Deviation 
New exposure  371 -1.6950 81.89637 
Increase 512 -9.4498 90.61378 
Decrease  67 -3.6283 74.16332 
Intermittent  17 -14.2544 134.71128 
Other 2 -10.1626 14.37203 
No dairy  861 -5.7667 51.96051 
Total 1830 -5.9771 72.70232 

Salmonellosis rates also decreased across all categories (Figure 50, Table 21) and there was a 

statistically significant difference in the mean change in salmonellosis rates between the categories of 

change in exposure to dairy cattle density (Kruskal-Wallis test, H=14.435, p=0.013). Dunn-

Bonferroni post hoc pairwise comparisons indicated that CAUs categorised as having new exposure 
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saw significantly smaller reductions in mean salmonellosis rates than CAUs with no dairy (p=0.009) 

and CAUs that had an increase in exposure to dairy density (p=0.020; Table 22).  

Table 21. Comparison of mean change in salmonellosis 5-year average rates per 100,000 
population from the period 1997-2001 to the period 2009-2013 for New Zealand census area 

units, by change in exposure to dairy cattle density from 2000 to 2014 

Categories of change in exposure to dairy density Frequency Mean Std. Deviation 
New exposure  371 -11.5306 80.52798 
Increase 512 -35.2490 86.94051 
Decrease 67 -29.3179 101.55992 
Intermittent 17 -33.9062 65.74209 
Other 2 -50.1723 69.76339 
No dairy 861 -21.4625 39.32283 
Total 1830 -23.7408 68.08814 

 

Table 22. Pairwise comparison of mean change in salmonellosis 5-year average rates per 
100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand census 

area units, by change in exposure to dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig.a 
Other - Intermittent 169.941 394.767 .430 .667 1.000 
Other - Increase 226.592 374.141 .606 .545 1.000 
Other - No Dairy -229.530 373.846 -.614 .539 1.000 
Other - Decrease 250.097 378.945 .660 .509 1.000 
Other - New Exposure 342.209 374.418 .914 .361 1.000 
Intermittent - Increase 56.651 130.188 .435 .663 1.000 
Intermittent - No Dairy -59.588 129.338 -.461 .645 1.000 
Intermittent - Decrease 80.156 143.411 .559 .576 1.000 
Intermittent - New Exposure 172.268 130.981 1.315 .188 1.000 
Increase - No Dairy -2.938 29.472 -.100 .921 1.000 
Increase - Decrease -23.505 68.607 -.343 .732 1.000 
Increase - New Exposure 115.617 36.005 3.211 .001 .020 
No Dairy - Decrease 20.567 66.979 .307 .759 1.000 
No Dairy - New Exposure 112.679 32.796 3.436 .001 .009 
Decrease - New Exposure 92.112 70.100 1.314 .189 1.000 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 
Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 
a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 

STEC infection rates increased across all categories of exposure to dairy cattle density (Figure 50, 

Table 23). A Kruskal-Wallis test indicated that there was not a statistically significant difference in 

the mean change in STEC infection rates between the categories of change in exposure to dairy cattle 

density (H=5.657, p=0.341). 
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Table 23. Comparison of mean change in STEC/VTEC infection 5-year average rates per 
100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand census 

area units, by change in exposure to dairy cattle density from 2000 to 2014 

Categories of change in exposure to dairy density Frequency Mean Std. Deviation 
New exposure  371 3.1783 31.31298 
Increase  512 3.7227 17.39354 
Decrease 67 3.6179 13.80318 
Intermittent 17 1.7871 4.17092 
Other  2 2.6185 3.70310 
No dairy  861 2.0856 8.92806 
Total 1830 2.8191 18.10892 

The mean change in disease rates was also compared between both categories of change in dairy 

cattle density and categories of change in exposure to dairy cattle density at the census area unit level 

with the data restricted to (i) the most deprived tertile of census area units, (ii) the least deprived 

tertiles of census area units, and (iii) notified cases in children under the age of five years (Appendix 

E). However, while population socioeconomic factors certainly affect exposure to pathogens, these 

factors alone did not appear to explain the patterns of enteric disease incidence evident in New 

Zealand.  

5.5 Discussion 

5.5.1 Spatial Patterns of Zoonotic Enteric Diseases in New Zealand 

Generally, when the maps of enteric disease rates in New Zealand were compared to those for dairy 

cattle density (see Chapter 4) no clear patterns emerged, with the possible exception of STEC 

infection rates. The observed spatial heterogeneity may be due in part to multiple potential disease 

reservoirs and transmission routes for enteric diseases. For example, campylobacteriosis cases are 

commonly attributed to contaminated poultry in New Zealand and foodborne transmission is 

considered an important exposure pathway (Mullner 2009a, Spencer 2012). Such cases complicate 

observed spatial patterns and may obscure the relationship between dairy cattle density and enteric 

disease rates. Furthermore, there may be a number of other confounding factors including underlying 

population demographics such as socioeconomic status, age, and ethnicity. Additionally, CAUs vary 

in size with populations of 3000-5000 people and urban CAUs tend to have a smaller land area than 

rural CAUs. Therefore, rural CAUs, and in turn rural disease rates, may be visually over-represented 

in choropleth maps.  

There are also considerable limitations of using passive surveillance data to assess disease 

distribution, including the underreporting of cases (Lian 2007, Lal 2015). It is likely that only a small 
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number of illnesses are actually reported; studies have suggested that only 0.5% of acute enteric 

disease cases in New Zealand are notified (Lake 2009, ESR 2017a). Under-notification may be biased 

because notifications rely on access to medical care and diagnostic services. In New Zealand, 

notification data tend to underrepresent Māori and Pacific peoples, as well as socioeconomically 

deprived populations (Baker 2007b, Lal 2014). 

Another limitation of using passive surveillance data is the incorrect allocation of cases to geographic 

areas (Skelly 2002). In New Zealand, disease notifications report case location based on a person’s 

home address, which may not be an accurate reflection of exposure due to commuting or travel 

patterns. Additionally, address geocoding for rural areas is less reliable and may result in the 

underestimation of rural rates of disease (Skelly 2002). Such data deficiencies are likely to affect 

spatial analyses. 

5.5.2 Relationship Between Zoonotic Disease Rates and Dairy Cattle Density 

No clear patterns emerged when five-year average disease rates and dairy cattle density were plotted 

at the meshblock level. When the mean change in five-year average disease rates from the period 

1997-2001 to the period 2009-2013 were compared across categories of change in dairy cattle 

density, it appeared that meshblocks with larger increases in dairy cattle density had larger reductions 

disease rates. Similarly, when the mean change in disease rates were compared across categories of 

change in exposure to dairy cattle density, meshblocks with a decrease in exposure appeared to have 

increases, or in the case of salmonellosis smaller reductions, in disease rates than areas with other 

patterns of exposure.  

This pattern of change in disease incidence rates was unexpected. Results from a number of previous 

studies have suggested a positive association between dairy cattle density and enteric disease rates 

(Snel 2009a, Thorburn 2010, Lal 2012a, Spencer 2012, Jaros 2013, Lal 2016) although a relatively 

recent multivariate space-time analysis of giardiasis rates in New Zealand suggested that dairy cattle 

density was actually protective (Lal 2014). Generally, the observed patterns persisted when the data 

was restricted to (i) the most deprived tertile of meshblocks, (ii) the least deprived tertile of 

meshblocks, and (iii) to cases in children under the age of five years, indicating that socioeconomic 

and demographic factors were not solely responsible for the overall trend. However, it is possible that 

spatial misallocation distorted results at the meshblock level, because dairy cattle were allocated to a 

single meshblock even if a farm spanned multiple meshblocks. Therefore, the data was aggregated to 

the CAU level, which spatially smoothed dairy cattle density estimates. 
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When the data was aggregated to the CAU level, the mean change in disease incidence rates 

displayed varying trends when compared across categories of dairy cattle density change. CAUs with 

no dairy had significantly greater reductions in campylobacteriosis rates than areas with small 

increases, medium increases, large increases, or no change in dairy cattle density. On the other hand, 

no obvious or significant patterns were revealed when the mean change in cryptosporidiosis, 

giardiasis, and salmonellosis rates were compared across categories of change in dairy density. In the 

case of cryptosporidiosis, both C. hominis and C. parvum can cause disease in humans (Snel 2009a). 

However, while C. parvum can be zoonotically transmitted, C. hominis is typically subject to 

anthroponotic transmission (Snel 2009a). The case notification data was not separated by species, 

therefore, the potential relationship between C. parvum cases and dairy cattle density may have been 

obscured by the inclusion of cases caused by C. hominis.  

Giardiasis and salmonellosis incidence in New Zealand may be driven by other risk factors and 

modes of transmission. Research has indicated that giardiasis incidence may be driven by 

anthroponotic transmission in New Zealand (Snel 2009a, Lal 2014), while salmonellosis may be 

predominantly a foodborne disease in New Zealand (Mullner 2009a, Lal 2014, Stevenson 2016). 

With regard to STEC infection, incidence rates increased significantly in CAUs with a small increase 

in dairy density as compared to CAUs with no dairy or with a large increase in dairy density.  

Different trends were also observed for each disease when the mean change in incidence rates were 

compared across categories of change in exposure to dairy cattle density. However, only a small 

number of CAUs were categorised as having intermittent or other patterns of exposure to dairy 

density and therefore the results of pairwise comparisons to other categories were limited by lack of 

statistical power. Overall, CAUs that were categorised as ‘new exposure’ either saw the largest 

increase in mean disease incidence rates (i.e. campylobacteriosis and cryptosporidiosis) or had the 

smallest reduction in mean disease incidence rates (i.e. giardiasis and salmonellosis), with the 

exception of STEC infection. This suggests that human populations in areas where dairy cattle are 

newly introduced may have a higher risk of infection than populations in areas that have different 

patterns of exposure to dairy cattle. It is possible that human populations in longstanding dairy 

farming regions may have developed a degree of immunity to certain pathogens due to sustained 

exposure (Havelaar 2009), as compared to populations in areas where dairy cattle have been recently 

introduced. 

The role of ecological bias or ecological fallacy requires consideration in this study. Care must be 

taken in assuming that a measure of livestock density can act as a suitable surrogate for individual 
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contact with zoonotic pathogens excreted by livestock. Dairy cattle density may not be the best 

surrogate for exposure to zoonotic pathogens, as areas with high dairy cattle densities may not have 

high human densities, and consequently there may be limited opportunities for exposure. However, 

ecological bias can be minimised through the use of small geographical units (Morgenstern 1995). 

For this study, meshblocks and census area units, which are the smallest and second smallest 

geopolitical units available in New Zealand, respectively, were used. However, one downside of 

using small geographical units is that it is more likely that the reported location of a case may not 

correspond to the location of the source of infection than when using larger geographic units, a 

phenomenon often referred to as migration bias (Tong 2000). While migration bias may have resulted 

in a number of cases being assigned to areas that were some distance from the original source of 

infection, this form of bias is more likely to be an issue for diseases with longer incubation periods or 

latency (Tong 2000); campylobacteriosis, cryptosporidiosis, giardiasis, salmonellosis, and STEC 

infection all have relatively short incubation periods (McDaniel 2014). 

5.5.3 Conclusions 

This chapter explored the spatial patterns of five enteric diseases and assessed the relationship 

between the change in incidence rates over time and the change in dairy cattle density. To the 

author’s knowledge, no other studies have assessed this dynamic relationship and past studies have 

solely explored the relationship between static disease rates and static dairy cattle densities. The 

preliminary analysis in the chapter includes data for all of New Zealand and when compared to a 

geographically limited study design there is likely to be greater certainty that the results are nationally 

generalisable. However, categories of change in dairy cattle density and change in exposure to dairy 

cattle density were used in the analysis and it is possible that the use of a continuous scale, rather than 

the creation of categories, would have helped to clarify the relationship between dairy cattle density 

and disease. Overall, meshblocks with larger increases in dairy cattle density had larger reductions in 

disease rates over time. Additionally, meshblocks with a decrease in exposure to dairy cattle density 

had either increases or smaller reductions in disease rates over time than areas with other patterns of 

exposure. By contrast, CAUs that were categorised as having new exposure either saw the largest 

increases or the smallest decreases in mean disease incidence rates over time, with the exception of 

STEC infection.   

The results indicate that the relationship between dairy cattle density and zoonotic disease rates in 

New Zealand is complex. Social and demographic factors, such as socioeconomic characteristics, 

immunity status, and access to health care services, may influence notification rates and could, in 



 252 

part, explain the apparent relationship between dairy cattle and disease. Past studies have reported 

marked ethnic and socioeconomic inequalities in disease distribution (Snel 2009a, Baker 2012, Lal 

2015c). For example, hospitalisations for certain enteric diseases in New Zealand are highest among 

populations that are socioeconomically disadvantaged (Snel 2009a, Baker 2012, Lal 2015c). 

Additionally, hospitalisation rates are often higher for Māori and Pacific peoples (Baker 2012, Lal 

2015c). The elderly and young children may also be at increased risk for infection (Baker 2012, Jaros 

2013, Lal 2015c). However, in this study the observed trends persisted when data was restricted by 

socioeconomic status and age (Appendix E). Demographic and social factors alone do not appear to 

explain the patterns of enteric disease incidence evident in New Zealand. Additional research is 

required to clarify the role of dairy cattle density in zoonotic enteric disease risk. In the next chapter, 

temporal patterns and seasonality of zoonotic enteric disease in New Zealand are explored in order to 

gain additional insights into the determinants of disease risk. 
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Chapter 6 Temporal Patterns and Seasonality of Zoonotic 

Diseases in New Zealand 

"Whoever wishes to investigate medicine properly, should proceed thus: 
in the first place to consider the seasons of the year, and what effects 
each of them produces... (Hippocrates 400 BCE)" 
 

6.1 Chapter Aims 

Aims were to (i) plot daily incidence rates over time to examine periodicity of selected zoonoses, (ii) 

explore seasonal patterns of disease in urban and rural areas, and (iii) explore seasonal patterns of 

disease in areas with different dairy cattle densities. 

6.2 Introduction 

Social and environmental factors, including climate, land use, and livestock density variables can 

interact across spatial and temporal scales to influence disease risk (Lal 2013b, Lal 2014, Cherrie 

2018). Establishing temporal trends for zoonotic enteric diseases allows for the identification of 

potential risk factors and can lead to improved disease surveillance (Lal 2014, Chen 2015). 

Identifying seasonal trends also allows for the monitoring of changes in disease patterns, which is 

particularly useful for understanding how environmentally sensitive diseases will respond under 

future scenarios of climate change or land use change (Patz 2002, Lal 2014). 

Campylobacteriosis case rates appear to be highly seasonal in New Zealand and tend to be higher in 

the summer (Spencer 2012). However, a time series study of genotyped human campylobacteriosis 

cases in Manawatu, New Zealand from 2005 to 2013 found that only one of the most prevalent clonal 

complexes showed a significant summer peak (Friedrich 2016). Specifically, Campylobacter jejuni 

clonal complexes CC48, CC45, CC21, and CC61 were the most prevalent, but only CC45 displayed a 

summer peak (Friedrich 2016). In New Zealand, CC48 is a poultry-associated clonal complex 

(Mullner 2010a, Friedrich 2016) and CC61 is a ruminant-associated clonal complex (Manning 2003, 

Friedrich 2016), while CC21 and CC45 are associated with a wider range of potential hosts and 

environmental sources (Levesque 2008, Gripp 2011, Sheppard 2014, Friedrich 2016). Potential 

drivers of seasonality are thought to include increased shedding in animal reservoirs and higher 

contamination in the food chain, as well as changes in human behaviours (Spencer 2012).  
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There are also differences in the epidemiology of campylobacteriosis between urban and rural areas 

(Spencer 2012). In urban areas, notification of campylobacteriosis cases is thought to be driven by the 

consumption of contaminated food products, while in rural areas environmental exposures (e.g. direct 

contact with animals, contact with faeces, recreational contact with contaminated waterways, and 

consumption of untreated drinking water) may play a larger role in transmission (Spencer 2012). 

Another study found that there are typically higher rates of notifications and hospitalisations for 

campylobacteriosis in urban areas, but when rates in children and adults were examined separately, 

children of less than 15 years of age in rural areas reported at significantly higher rates than children 

of less than 15 years of age in urban areas (Baker 2007b). 

Cryptosporidiosis notifications tend to peak in the spring (September-November in New Zealand) 

(Snel 2009a, Lal 2016), predominantly in rural areas (Snel 2009a). A smaller late summer or early 

autumn peak is also occasionally seen in urban areas (Snel 2009a). Evidence suggests that the spring 

peak in cryptosporidiosis cases may be due to spring calving and zoonotic or indirect environmental 

transmission of Cryptosporidium parvum, while the autumn peak in urban areas is consistent with 

anthroponotic transmission of C. hominis through contaminated swimming pools (Learmonth 2004, 

Snel 2009a). 

While the seasonality of these diseases has been widely acknowledged, the drivers of seasonal 

patterns are not well understood. Few studies have examined temporal patterns of disease in urban 

and rural areas, and even fewer have examined seasonality in areas with different livestock densities 

(Lal 2012b). Understanding the seasonal patterns of these diseases could provide additional insight 

into the determinants of zoonotic enteric disease risk. Therefore, this chapter seeks to explore the 

temporal patterns of disease notifications in New Zealand. Specifically, this chapter extends previous 

work to look at campylobacteriosis and cryptosporidiosis rates over a long time period (1997-2015), 

and considers the whole of New Zealand, rather than selected smaller areas.  

Temporal patterns of giardiasis, salmonellosis, and Shiga toxin-producing E. coli (STEC) infection 

rates were also examined from 1997 to 2015 (Appendix F). However, it was difficult to distinguish 

seasonal patterns for these diseases in relation to dairy cattle density. Therefore, this chapter only 

presents the results for campylobacteriosis and cryptosporidiosis.  
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6.3 Methods 

6.3.1 Data Collection 

Zoonotic Disease Notifications 

Zoonotic disease notification data were collected, as described in Chapter 5. Report date was used, 

rather than estimated onset date, for preparing daily time series data due to the completeness and 

reliability of the report date variable over the onset date variable in the national disease notification 

dataset.  

Census Data 

Census data were obtained from the Statistics New Zealand website, as described in Chapter 5. 

North/South Island Profile 

Geographic areas in New Zealand were aggregated by island (i.e. North and South Islands of New 

Zealand) and daily incidence rates were calculated by dividing the daily notified case counts by the 

2006 population for each island. In 2006, the North Island of New Zealand had an estimated 

population of approximately 3.1 million people, while the South Island had just under one million 

people. 

Urban/Rural Profile 

Statistics New Zealand classifies meshblocks as either (i) main urban areas, (ii) satellite urban areas, 

(iii) independent urban areas, (iv) rural areas with high urban influence, (v) rural areas with moderate 

urban influence, (vi) rural areas with low urban influence, (vii) highly rural/remote areas, or (viii) 

areas outside urban/rural profile. These subdivisions were based upon a comparison of usual 

residence address with workplace address from the 2006 census, and the comparison provides a proxy 

measure for the dependence that a population within a given meshblock had on an urban area 

(Statistics New Zealand 2019a). Main urban areas were defined as areas with a population greater 

than 30,000 and included 12 cities in New Zealand in 2006 (e.g. Auckland, Christchurch, Wellington) 

(Statistics New Zealand 2019a). Satellite urban areas were defined as areas where more than 20 

percent of the usually resident employed population’s workplace address was in a main urban area, 

while independent urban areas were defined as areas where less than 20 percent of the usually 

resident employed population’s workplace address was in a main urban area (Statistics New Zealand 

2019a). The four rural categories were also based on levels of dependence on urban areas (Statistics 

New Zealand 2019a).  



 257 

For the purposes of this chapter, the three categories for urban areas were combined into a single 

‘Urban’ category and the four categories for rural areas were combined into a single ‘Rural’ category. 

Daily incidence rates were calculated by dividing the daily case counts by the 2006 population for 

urban and rural areas. In 2006, approximately 3.5 million people lived in urban areas in New Zealand, 

while just over 500,000 lived in rural areas. 

Dairy Cattle Density 

As noted in Chapter 4, dairy cattle estimates were obtained from AgribaseTM for the years 2000, 2006, 

and 2014. Dairy cattle densities at the meshblock level were calculated by dividing the number of 

cows in each meshblock by the total land area for each meshblock. The total land area for each 

meshblock was calculated in ArcGIS using meshblock boundary layers from Statistics New Zealand. 

Dairy cattle density was then averaged across 2000, 2006, and 2014. 

Subsequently, meshblocks were categorised by average dairy cattle density as those areas with (i) no 

dairy, (ii) low dairy density, (iii) medium dairy density, and (iv) high dairy density. The categories of 

dairy cattle density were based on tertiles for all meshblocks with a dairy cattle density greater than 

zero. Areas with an average dairy cattle density of >0-13.3318 cows/km2 were categorised as having a 

low dairy density, areas with an average dairy density of 13.3319-102.3485 cows/km2 were 

categorised as having medium dairy density, and areas with an average dairy density greater than 

102.3485 cows/km2 were categorised as having high dairy cattle density. Meshblocks were also 

categorised by change in dairy cattle density and change in exposure to dairy cattle density from 2000 

to 2014. These variables are described in further detail in Chapter 4 (see section 4.3.6).  

Daily incidence rates for the different areas classified by dairy cattle density (i.e. categories of dairy 

cattle density averaged across 2000, 2006, and 2014; categories of change in density from 2000 to 

2014; and categories of change in exposure to dairy cattle density from 2000 to 2014) were calculated 

by dividing daily case counts by 2006 population estimates for those areas (Table 24, Table 25, and 

Table 26).  
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Table 24. Human population estimates for meshblocks with different dairy cattle densities in 
New Zealand, 2006 

Category of average dairy cattle density            Population 
No Dairy  3,261,168 
Low Dairy Density 252,000 
Medium Dairy Density 285,279 
High Dairy Density 229,698 

 

Table 25. Human population estimates for meshblocks with different patterns of change in 
dairy cattle density in New Zealand, 2006 

Category of change in dairy cattle density            Population 
Decrease 189,585 
No Change 71,031 
Small Increase 180,039 
Medium Increase 170,874 
Large Increase 155,427 
No Dairy 3,261,006 

 

Table 26. Human population estimates for meshblocks with different exposure to dairy cattle 
density in New Zealand, 2006 

Category of change in exposure to dairy cattle density      Population 
New Exposure 352,440 
Increase 200,151 
Decrease 206,100 
Intermittent 8,106 
Other 180 
No Dairy 3,261,006 

The influence of dairy cattle density on disease rates may be confounded by other livestock densities, 

such as beef cattle or sheep. However, as noted in section 1.2.1, the dairy, beef, and sheep sectors 

have not followed the same trends over time in New Zealand. Therefore, only dairy cattle density was 

considered in this chapter. 

6.3.2 Statistical Analyses 

Time series plots were created using daily incidence rates from 1997 to 2015 for campylobacteriosis 

and cryptosporidiosis for five different configurations of spatial aggregation. Specifically, time series 

plots were created for (i) North Island versus South Island, (ii) urban versus rural areas, (iii) by 

average dairy cattle density across the study period, (iv) by category of change in dairy cattle density 

from 2000 to 2014, and (v) by category of change in exposure to dairy cattle density from 2000 to 
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2014. Daily incidence rates were plotted using a loess curve with a triweight kernel fit to 1% of 

points. 

Time series plots were also created for giardiasis, salmonellosis, and Shiga toxin-producing E. coli 

(STEC) infection rates from 1997 to 2015 (Appendix F). However, as noted in section 6.2, while 

campylobacteriosis and cryptosporidiosis rates showed substantial seasonality, seasonal patterns were 

more difficult to distinguish for giardiasis, salmonellosis, and STEC infection rates. Therefore, this 

chapter only presents the results for campylobacteriosis and cryptosporidiosis.  

Campylobacteriosis and cryptosporidiosis data were further analysed by aggregating to month and 

year. Specifically, monthly incidence rates were calculated for campylobacteriosis and 

cryptosporidiosis notifications. However, campylobacteriosis data were restricted to the period 2011-

2015 in order to examine seasonal patterns after the implementation of several interventions in the 

poultry industry in 2006. Monthly incidence rates were calculated by dividing the monthly case 

counts for campylobacteriosis for the period 2011-2015 by the 2013 population, while the monthly 

case counts of cryptosporidiosis for the period 1997-2015 were divided by the population estimate for 

2006. The 2013 census estimate was the most central population estimate for the campylobacteriosis 

data, while the 2006 census estimate was the most central population estimate for the 

cryptosporidiosis data. 

Monthly box plots were created, and Friedman’s tests were conducted, in order to determine if there 

was a significant difference between monthly incidence rates. Specifically, monthly box plots were 

created for urban and rural meshblocks in New Zealand, as well as for meshblocks categorised by 

different categories of average dairy cattle density. Dairy cattle density categories included: (i) no 

dairy, (ii) low density, (iii) medium density, and (iv) high density, as described above. 

Related-samples Friedman’s two-way analysis of variance by ranks tests were then used to determine 

if there was a statistically significant difference between monthly incidence rates. Typically, the test 

assumes that the data is a random sample of a single population that has been measured multiple 

times. While the disease data used was for the whole population rather than a sample, the monthly 

rates were for the same population. A related-samples test was required because the monthly rates are 

temporally related. Friedman’s test is nonparametric and does not require the data to be normally 

distributed. Post hoc pairwise comparisons were made between months. Analyses were conducted 

using SPSS Statistics. 
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6.3.3 Time Animation and Mapping 

Exploratory time animations were created at the meshblock level for monthly human 

campylobacteriosis and cryptosporidiosis cases from 2010 to 2015 for selected locations in New 

Zealand using ArcGIS. Specifically, two North Island locations, Hamilton and New Plymouth, and 

two South Island locations, Christchurch and Invercargill, were selected. Each city is located in a 

region with high dairy cattle densities (i.e. Waikato, Taranaki, Canterbury, and Southland). The time 

animations were created at a scale that allowed for visualisation of the cities as well as the 

surrounding areas; this enabled comparison between urban and rural areas.  

The time animations are saved as Audio Video Interleave (avi) files to the enclosed USB drive and 

can be played using a free VLC media player. The colour coding for the campylobacteriosis time 

animations is as follows: yellow indicates one case, light orange indicates two cases, dark orange 

indicates 3-4 cases, red indicates 5-6 cases, and dark red indicates seven or more cases in a 

meshblock. The colour coding for the cryptosporidiosis time animations is slightly different: yellow 

indicates one case, light orange indicates two cases, dark orange indicates three cases, red indicates 

four cases, and dark red indicates five cases. 

Seasonal choropleth maps were also created at the meshblock level for the same regions. Specifically, 

average seasonal case counts were calculated for the period 2010-2015 for campylobacteriosis and 

cryptosporidiosis by summing the notified cases for the corresponding months. Spring was defined as 

September to November, summer was defined as December to February, autumn was defined as 

March to May, and winter was defined as June to August. Additional maps were created of average 

seasonal campylobacteriosis cases in Christchurch and Hamilton, and for cryptosporidiosis cases in 

Christchurch at a finer spatial resolution in order to facilitate the visualisation of the urban centres.  
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6.4 Results 

6.4.1 Time Series Plots by North and South Island 

The exploratory analysis of time series data for the North and South Islands indicated that 

campylobacteriosis rates declined substantially following interventions in the poultry industry in 2006 

(Figure 51). The reduction in campylobacteriosis rates was more marked on the South Island than on 

the North Island. Campylobacteriosis and cryptosporidiosis (Figure 52) rates both display 

considerable seasonality, and there was also greater amplitude in seasonal cycles of 

campylobacteriosis and cryptosporidiosis on the South Island. In particular, the amplitude was larger 

for seasonal cycles of campylobacteriosis on the South Island prior to the introduction of poultry 

industry interventions.  
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Figure 51. Daily time series comparing campylobacteriosis rates on the North and South Islands of New Zealand, 1997-2015. 
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Figure 52. Daily time series comparing cryptosporidiosis rates on the North and South Islands of New Zealand, 1997-2015. 
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6.4.2 Time Series Plots by Urban/Rural Profile 

When time series data were plotted for urban and rural areas of New Zealand, strong seasonal patterns 

were again evident for campylobacteriosis (Figure 53) and cryptosporidiosis (Figure 54) rates. While 

campylobacteriosis rates decreased substantially after poultry industry interventions, the decrease was 

less pronounced in rural areas, and rates in rural areas have remained consistently higher than in 

urban areas in recent years. Additionally, the seasonal increase in campylobacteriosis rates in rural 

areas precedes the peak in urban areas. Cryptosporidiosis rates in rural areas have a very large peak in 

spring. A spring peak is also evident in urban areas, but it is not as marked. Additionally, urban areas 

tend to have a small peak in the autumn.  
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Figure 53. Daily time series comparing campylobacteriosis rates in urban and rural areas of New Zealand, 1997-2015. 
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Figure 54. Daily time series comparing cryptosporidiosis rates in urban and rural areas of New Zealand, 1997-2015. 
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To confirm the apparent difference in seasonality for campylobacteriosis and cryptosporidiosis, 

monthly box plots were created for urban and rural meshblocks in New Zealand. Each box on the 

plots below summarises the rates for each month from 2010 to 2015.  

Campylobacteriosis rates were higher in rural areas than in urban areas during most months (Figure 

55). In urban areas, rates peaked in summer months, while in rural areas rates began to increase in 

August, exhibited a spring peak, and then remained relatively high through most of the summer. 

 
Figure 55. Box plots showing the seasonal pattern of human campylobacteriosis rates stratified 

by urban and rural status. Error bars represent 95% confidence intervals. 

Cryptosporidiosis rates displayed a large spring peak in rural areas (Figure 56). Urban areas also 

displayed a small spring peak, although the incidence appeared to peak slightly later than in rural 

areas. Additionally, urban areas exhibited a small autumn peak that was absent from rural areas.  
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Figure 56. Box plots showing the seasonal pattern of human cryptosporidiosis rates stratified by 

urban and rural status. Error bars represent 95% confidence intervals. 

6.4.3 Time Series Plots by Average Dairy Cattle Density 

When time series plots were created for campylobacteriosis and cryptosporidiosis notification rates 

by average dairy cattle density, it was expected that areas with high dairy cattle density would display 

higher seasonal peaks in disease rates, especially when compared to areas with no dairy cattle. In 

particular, it was thought that there would be higher incidence rates in areas with high dairy cattle 

density during the spring, due to the shedding of pathogens by newborn calves (Grinberg 2005, Al 

Mawly 2015a), or during the summer when human behaviours like recreational swimming may play a 

larger role in infection risk (Yun 2016, Cherrie 2018).  

The time series plots displayed considerable seasonality for campylobacteriosis (Figure 57) and 

cryptosporidiosis (Figure 58) rates. For campylobacteriosis, areas with dairy cattle displayed greater 

amplitude and higher seasonal peaks than areas without dairy cattle after 2008. However, areas with 

high dairy density did not display stronger seasonal peaks than areas with low or medium dairy 

density.  

The expected pattern was consistently observed for cryptosporidiosis. Seasonal peaks were often 

highest for areas with higher dairy cattle density. Additionally, areas with no dairy cattle displayed a 

distinct seasonal pattern from areas with dairy cattle. Specifically, areas with no dairy cattle 

consistently showed a small autumn peak in addition to a small spring peak. By contrast, areas with 

dairy cattle typically displayed a strong spring peak, but rates dropped to around zero during the rest 

of the year.  
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Figure 57. Daily time series comparing campylobacteriosis rates in areas with different average dairy cattle densities in New Zealand, 

1997-2015. 
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Figure 58. Daily time series comparing cryptosporidiosis rates in areas with different average dairy cattle densities in New Zealand, 1997-

2015. 
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Monthly box plots were again created to examine the seasonality of campylobacteriosis and 

cryptosporidiosis notification rates for meshblocks with different average dairy cattle densities across 

the study period. Each box on the plots below summarises the rates for each month from 2010 to 

2015.  

For campylobacteriosis, areas with no dairy cattle showed a summer peak, while areas with low, 

medium, and high dairy densities displayed a spring peak in addition to elevated summer rates 

(Figure 59). The spring peak was more distinct in areas with medium and high dairy densities. 

However, the highest mean rates were observed in areas with low dairy cattle density, albeit with 

wider confidence intervals.  

 

 
Figure 59. Box plots showing the seasonal pattern of human campylobacteriosis rates stratified 

by average dairy cattle density. Error bars represent 95% confidence intervals. 

In the case of cryptosporidiosis, all areas showed a marked spring peak (Figure 60). However, the 

spring peak in areas with no dairy cattle was much smaller than in areas with low, medium, or high 
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dairy cattle density. Furthermore, areas with no dairy and low dairy density reached peak incidence in 

October, as opposed to areas with high dairy density, which reached peak incidence earlier (i.e. 

September). Meshblocks with no dairy cattle also displayed a small autumn peak that was absent 

from other areas.  

 
Figure 60. Box plots showing the seasonal pattern of human cryptosporidiosis rates stratified by 

average dairy cattle density. Error bars represent 95% confidence intervals. 
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6.4.4 Time Series Plots by Change in Dairy Cattle Density 

Time series plots by the change in dairy cattle density from 2000 to 2014 also displayed considerable 

seasonality for campylobacteriosis (Figure 61) and cryptosporidiosis (Figure 62) rates. 

Campylobacteriosis rates again showed considerable amplitude in seasonal cycles over time. 

However, it was difficult to discern differences between areas categorised as ‘decrease’, ‘no change’, 

‘small increase’, ‘medium increase’, or ‘large increase’. Cryptosporidiosis rates in areas with no dairy 

cattle again displayed a pattern of rates distinct from areas that had dairy cattle, which was similar to 

the results described in the previous section. 
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Figure 61. Daily time series comparing campylobacteriosis rates in areas with different trends in dairy cattle density in New Zealand, 

1997-2015. 
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Figure 62. Daily time series comparing cryptosporidiosis rates in areas with different trends in dairy cattle density in New Zealand, 1997-

2015. 
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6.4.5 Time Series Plots by Change in Exposure to Dairy Cattle Density 

The results were similar when time series data was plotted by change in exposure to dairy cattle 

density (Figure 63, Figure 64). Overall, it appeared that there may be a difference in incidence rates 

between areas with no dairy cattle and areas with dairy cattle. However, among the areas with dairy 

cattle, there did not appear to be a marked difference between areas classified by change in exposure 

to dairy cattle density from 2000 to 2014. 
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Figure 63. Daily time series comparing campylobacteriosis rates in areas with different trends in exposure to dairy cattle density in New Zealand, 

1997-2015. 
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Figure 64. Daily time series comparing cryptosporidiosis rates in areas with different trends in exposure to dairy cattle density in New Zealand, 

1997-2015. 
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6.4.6 Friedman’s Tests  

There was a statistically significant difference between the mean ranks (Table 27) of the monthly 

campylobacteriosis incidence rates per 100,000 population (Friedman’s Q = 2184.899, p<0.001). Post 

hoc analysis with Wilcoxon signed-rank tests was conducted with a Dunn-Bonferroni correction 

applied (Table 28).  

Table 27. Mean rank of monthly campylobacteriosis rates for New Zealand meshblocks, 2010-
2015 

Month Mean Rank* 
January 6.78 
February 6.49 
March 6.39 
April 6.26 
May 6.31 
June 6.25 
July 6.30 
August 6.48 
September 6.54 
October 6.59 
November 6.77 
December 6.84 
*Calculated using Related-Samples Friedman’s 
Two-Way Analysis of Variance by Ranks 

 

Table 28. Pairwise comparison of monthly campylobacteriosis rates for New Zealand 
meshblocks, 2010-2015 

Sample 1-Sample 2 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig.a 
June Rate – April Rate  .017 .036 .472 .637 1.000 
June Rate – July Rate  -.057 .036 -1.614 .106 1.000 
June Rate – May Rate  .068 .036 1.905 .057 1.000 
June Rate – March Rate  .142 .036 4.002 .000 .004 
June Rate – August Rate  -.234 .036 -6.586 .000 .000 
June Rate – February Rate  .241 .036 6.765 .000 .000 

 June Rate – September Rate  -.290 .036 -8.151 .000 .000 
June Rate – October Rate  -.344 .036 -9.673 .000 .000 
June Rate – November Rate  -.527 .036 -14.815 .000 .000 
June Rate – January Rate  .539 .036 15.159 .000 .000 
June Rate – December Rate  -.594 .036 -16.696 .000 .000 
April Rate – July Rate  -.041 .036 -1.142 .253 1.000 
April Rate – May Rate  -.051 .036 -1.433 .152 1.000 
April Rate – March Rate  .126 .036 3.531 .000 .027 
April Rate – August Rate  -.217 .036 -6.114 .000 .000 
April Rate – February Rate  .224 .036 6.293 .000 .000 
April Rate – September Rate  -.273 .036 -7.679 .000 .000 
April Rate – October Rate  -.327 .036 -9.201 .000 .000 
table continued on next page... 
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Sample 1-Sample 2 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig.a 
April Rate – November Rate  -.510 .036 -14.343 .000 .000 
April Rate – January Rate  .522 .036 14.687 .000 .000 
April Rate – December Rate  -.577 .036 -16.224 .000 .000 
July Rate – May Rate  .010 .036 .291 .771 1.000 
July Rate – March Rate  .085 .036 2.388 .017 1.000 
July Rate – August Rate  -.177 .036 -4.972 .000 .000 
July Rate – February Rate  .183 .036 5.150 .000 .000 
July Rate – September Rate  -.232 .036 -6.536 .000 .000 
July Rate – October Rate  -.286 .036 -8.058 .000 .000 
July Rate – November Rate  -.469 .036 -13.201 .000 .000 
July Rate – January Rate  .482 .036 13.544 .000 .000 
July Rate – December Rate  -.536 .036 -15.081 .000 .000 
May Rate – March Rate  .075 .036 2.098 .036 1.000 
May Rate – August Rate  -.166 .036 -4.681 .000 .000 
May Rate – February Rate  .173 .036 4.860 .000 .000 
May Rate – September Rate  -.222 .036 -6.246 .000 .000 
May Rate – October Rate  -.276 .036 -7.768 .000 .000 
May Rate – November Rate  -.459 .036 -12.910 .000 .000 
May Rate – January Rate  .471 .036 13.254 .000 .000 
May Rate – December Rate  -.526 .036 -14.791 .000 .000 
March Rate – August Rate  -.092 .036 -2.584 .010 .645 
March Rate – February Rate  .098 .036 2.762 .006 .379 
March Rate – September Rate  -.147 .036 -4.148 .000 .002 
March Rate – October Rate  -.202 .036 -5.670 .000 .000 
March Rate – November Rate  -.384 .036 -10.812 .000 .000 
March Rate – January Rate  .397 .036 11.156 .000 .000 
March Rate – December Rate  -.451 .036 -12.693 .000 .000 
August Rate – February Rate  .006 .036 .178 .858 1.000 
August Rate – September Rate  -.056 .036 -1.564 .118 1.000 
August Rate – October Rate  -.110 .036 -3.086 .002 .134 
August Rate – November Rate  -.293 .036 -8.229 .000 .000 
August Rate – January Rate  .305 .036 8.572 .000 .000 
August Rate – December Rate  -.359 .036 -10.109 .000 .000 
February Rate – September Rate  -.049 .036 -1.386 .166 1.000 
February Rate – October Rate  -.103 .036 -2.908 .004 .240 
February Rate – November Rate  -.286 .036 -8.050 .000 .000 
February Rate – January Rate  .298 .036 8.394 .000 .000 
February Rate – December Rate  -.353 .036 -9.931 .000 .000 
September Rate – October Rate  -.054 .036 -1.522 .128 1.000 
September Rate – November Rate  -.237 .036 -6.664 .000 .000 
September Rate – January Rate  .249 .036 7.008 .000 .000 
September Rate – December Rate  -.304 .036 -8.545 .000 .000 
October Rate – November Rate  -.183 .036 -5.142 .000 .000 
October Rate – January Rate  .195 .036 5.486 .000 .000 
October Rate – December Rate  -.250 .036 -7.023 .000 .000 
November Rate – January Rate  .012 .036 .344 .731 1.000 
November Rate – December Rate  -.067 .036 -1.881 .060 1.000 
January Rate – December Rate  -.055 .036 -1.537 .124 1.000 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 
Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 
a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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There was a statistically significant difference between the mean ranks (Table 29) of the monthly 

cryptosporidiosis incidence rates per 100,000 population (Friedman’s Q = 6001.251, p<0.001). Post 

hoc analysis with Wilcoxon signed-rank tests was conducted with a Dunn-Bonferroni correction 

applied (Table 30).  

Table 29. Mean rank of monthly cryptosporidiosis incidence rates for New Zealand meshblocks, 
2010-2015 

Month Mean Rank* 
January 6.19 
February 6.26 
March 6.42 
April 6.41 
May 6.35 
June 6.18 
July 6.15 
August 6.44 
September 7.28 
October 7.50 
November 6.66 
December 6.15 
*Calculated using Related-Samples Friedman’s 
Two-Way Analysis of Variance by Ranks 

 

Table 30. Pairwise comparison of monthly cryptosporidiosis rates for New Zealand meshblocks, 
2010-2015 

Sample 1-Sample 2 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig.a 
July Rate – December Rate  -.007 .050 -.145 .885 1.000 
July Rate – June Rate  .030 .050 .592 .554 1.000 
July Rate – January Rate  .044 .050 .871 .384 1.000 
July Rate – February Rate  .113 .050 2.248 .025 1.000 
July Rate – May Rate  .205 .050 4.068 .000 .003 
July Rate – April Rate  .266 .050 5.286 .000 .000 
July Rate – March Rate  .276 .050 5.490 .000 .000 
July Rate – August Rate  -.289 .050 -5.744 .000 .000 
July Rate – November Rate  -.515 .050 -10.246 .000 .000 
July Rate – September Rate  -1.133 .050 -22.537 .000 .000 
July Rate – October Rate  -1.353 .050 -26.902 .000 .000 
December Rate – June Rate  .022 .050 .447 .655 1.000 
December Rate – January Rate  .037 .050 .726 .468 1.000 
December Rate – February Rate  .106 .050 2.103 .035 1.000 
December Rate – May Rate  .197 .050 3.923 .000 .006 
December Rate – April Rate  .258 .050 5.141 .000 .000 
December Rate – March Rate  .269 .050 5.345 .000 .000 
December Rate – August Rate  .282 .050 5.599 .000 .000 
December Rate – November Rate  .508 .050 10.101 .000 .000 
December Rate – September Rate  1.126 .050 22.392 .000 .000 
December Rate – October Rate  1.345 .050 26.757 .000 .000 
June Rate – January Rate  .014 .050 .279 .780 1.000 
table continued on next page... 
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Sample 1-Sample 2 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig.a 
June Rate – February Rate  .083 .050 1.656 .098 1.000 
June Rate – May Rate  .175 .050 3.476 .001 .034 
June Rate – April Rate  .236 .050 4.694 .000 .000 
June Rate – March Rate  .246 .050 4.898 .000 .000 
June Rate – August Rate  -.259 .050 -5.152 .000 .000 
June Rate – November Rate  -.485 .050 -9.654 .000 .000 
June Rate – September Rate  -1.103 .050 -21.945 .000 .000 
June Rate – October Rate  -1.323 .050 -26.310 .000 .000 
January Rate – February Rate  -.069 .050 -1.377 .169 1.000 
January Rate – May Rate  -.161 .050 -3.197 .001 .092 
January Rate – April Rate  -.222 .050 -4.414 .000 .001 
January Rate – March Rate  -.232 .050 -4.618 .000 .000 
January Rate – August Rate  -.245 .050 -4.873 .000 .000 
January Rate – November Rate  -.471 .050 -9.375 .000 .000 
January Rate – September Rate  -1.089 .050 -21.665 .000 .000 
January Rate – October Rate  -1.309 .050 -26.030 .000 .000 
February Rate – May Rate  -.092 .050 -1.820 .069 1.000 
February Rate – April Rate  -.153 .050 -3.037 .002 .158 
February Rate – March Rate  -.163 .050 -3.241 .001 .079 
February Rate – August Rate  -.176 .050 -3.496 .000 .031 
February Rate – November Rate  -.402 .050 -7.998 .000 .000 
February Rate – September Rate  -1.020 .050 -20.288 .000 .000 
February Rate – October Rate  -1.240 .050 -24.653 .000 .000 
May Rate – April Rate  .061 .050 1.217 .223 1.000 
May Rate – March Rate  .071 .050 1.421 .155 1.000 
May Rate – August Rate  -.084 .050 -1.676 .094 1.000 
May Rate – November Rate  -.311 .050 -6.178 .000 .000 
May Rate – September Rate  -.929 .050 -18.469 .000 .000 
May Rate – October Rate  -1.148 .050 -22.834 .000 .000 
April Rate – March Rate  .010 .050 .204 .838 1.000 
April Rate – August Rate  -.023 .050 -.458 .647 1.000 
April Rate – November Rate  -.249 .050 -4.961 .000 .000 
April Rate – September Rate  -.867 .050 -17.251 .000 .000 
April Rate – October Rate  -1.087 .050 -21.616 .000 .000 
March Rate – August Rate  -.013 .050 -.254 .799 1.000 
March Rate – November Rate  -.239 .050 -4.757 .000 .000 
March Rate – September Rate  -.857 .050 -17.047 .000 .000 
March Rate – October Rate  -1.077 .050 -21.412 .000 .000 
August Rate – November Rate  -.226 .050 -4.502 .000 .000 
August Rate – September Rate  -.844 .050 -16.793 .000 .000 
August Rate – October Rate  -1.064 .050 -21.158 .000 .000 
November Rate – September Rate  .618 .050 12.290 .000 .000 
November Rate – October Rate  .837 .050 16.655 .000 .000 

 September Rate – October Rate  -.219 .050 -4.365 .000 .001 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 
Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 
a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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6.4.7 Monthly Time Animations and Seasonal Maps 

Exploratory monthly time animations were created for four areas in New Zealand: Hamilton and  

New Plymouth on the North Island, and Christchurch and Invercargill on the South Island. These 

locations were chosen because they are cities located in regions with substantial dairy farming (i.e. 

Waikato, Taranaki, Canterbury, and Southland regions). The time animations were conducted at a 

scale that included both the cities and the surrounding rural areas, in order to compare the timing of 

urban and rural cases. Furthermore, researchers at Massey University had examined the timing of 

campylobacteriosis cases in Hamilton, and had identified differences in the timing of urban and rural 

cases (French 2018). This study expands upon that work, includes several other regions of interest, 

and examines both campylobacteriosis and cryptosporidiosis cases.  

Campylobacteriosis  

Monthly time animations for Hamilton and the surrounding areas indicated a spring and summer peak 

in campylobacteriosis cases. However, urban cases often decreased sooner after the summer peak 

than cases in rural areas. Both rural and urban areas also had an increase in cases in August. However, 

the increase appeared more modest in urban areas than in rural areas. In 2010, 2013, and 2015, rural 

cases peaked before urban cases. However, in 2014 urban cases peaked before rural cases. Seasonal 

maps also indicated that campylobacteriosis cases were particularly high in both spring and summer 

months in Hamilton and the surrounding areas (Figure 65, Figure 66). However, because there were 

so many campylobacteriosis cases throughout the year it was difficult to discern whether the increase 

in cases in rural areas preceded the increase in cases within the city using seasonal averages. 
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Figure 65. Maps comparing the average number of campylobacteriosis cases per meshblock by 

season in Hamilton, New Zealand, 2010-2015. A larger number of rural meshblocks with 
campylobacteriosis cases is particularly evident in spring and summer compared with autumn 

and winter. 
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Figure 66. Maps comparing the average number of campylobacteriosis cases per meshblock by 

season in Hamilton, New Zealand, 2010 -2015, zoomed to urban areas. A larger number of 
urban meshblocks appear to have campylobacteriosis cases in the summer compared with other 

seasons. 
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The time animation for campylobacteriosis cases in New Plymouth were similar to those for 

Hamilton in that spring and summer peaks were evident for both urban and rural areas. In 2010 and 

2012 urban cases peaked before rural cases in the spring. However, in 2011, 2013, and 2015 rural 

cases appeared to peak faster than urban cases. In 2014, both urban and rural cases increased around 

the same time during the spring (i.e. September and October), although urban cases stayed high for 

the rest of the year, while rural cases dipped in November and increased again in December. Seasonal 

maps also indicated that campylobacteriosis cases were particularly high in both spring and summer 

months in New Plymouth and the surrounding areas (Figure 67).  
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Figure 67. Maps comparing the average number of campylobacteriosis cases per meshblock by 
season in New Plymouth, New Zealand, 2010-2015. A larger number of rural meshblocks with 
campylobacteriosis cases is particularly evident in spring and summer compared with autumn 

and winter. 
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Time animation for campylobacteriosis cases in Christchurch and the surrounding areas showed rural 

cases increasing from late winter (i.e. August) through the spring, and remaining high through the 

summer, while urban cases typically peaked in late spring and summer. Both urban and rural cases 

also showed occasional increases in autumn months. However, it was difficult to discern patterns 

from seasonal maps (Figure 68, Figure 69). 
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Figure 68. Maps comparing the average number of campylobacteriosis cases per meshblock by 

season in Christchurch, New Zealand, 2010-2015. There may be a slightly larger number of 
rural meshblocks with campylobacteriosis cases in spring and summer compared with autumn 

and winter. 
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Figure 69. Maps comparing the average number of campylobacteriosis cases per meshblock by 
season in Christchurch, New Zealand, 2010 -2015, zoomed to urban areas. There may be fewer 

urban meshblocks with campylobacteriosis cases in winter compared with other seasons. 
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Monthly time animation and seasonal maps (Figure 70) of campylobacteriosis cases in Invercargill 

and the surrounding areas also indicated spring and summer peaks. Time animation revealed that rural 

cases often peaked before urban cases, although the reverse was true in 2010 and 2012.
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Figure 70. Maps comparing the average number of campylobacteriosis cases per meshblock by 

season in Invercargill, New Zealand, 2010-2015. A larger number of rural meshblocks with 
campylobacteriosis cases is particularly evident in spring and summer compared with autumn 

and winter. 
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Overall, campylobacteriosis time animations for these locations often revealed rural cases rising 

before urban cases in the spring, and both rural and urban cases tended to remain high throughout the 

summer.  

Cryptosporidiosis 

The time animation for cryptosporidiosis cases in and around Hamilton, New Zealand indicated that 

rural cases typically started to increase prior to urban cases. Typically, cases would increase around 

August of each year and would peak in the spring (i.e. September – November). In 2013, a late 

summer/early autumn peak was also evident with larger increases in cases in urban areas and a small 

increase in cases in rural areas. Seasonal maps clearly show a spring peak in cryptosporidiosis cases 

in rural areas surrounding Hamilton (Figure 71).  
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Figure 71. Maps comparing the average number of cryptosporidiosis cases per meshblock by 

season in Hamilton, New Zealand, 2010-2015. A larger number of rural meshblocks with 
cryptosporidiosis cases is particularly evident in spring compared with other seasons. 
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The time animation for cryptosporidiosis cases in New Plymouth, New Zealand also suggested a 

spring peak in cases, particularly in rural areas. The increase in cases in rural areas often appeared to 

precede the increase in urban cases in the spring. Occasional autumn/early winter increases in 

cryptosporidiosis cases were also apparent, especially in urban areas. Seasonal maps also show a clear 

spring peak in both urban and rural areas (Figure 72).  
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Figure 72. Maps comparing the average number of cryptosporidiosis cases per meshblock by 
season in New Plymouth, New Zealand, 2010-2015. A larger number of rural meshblocks with 

cryptosporidiosis cases is particularly evident in spring compared with other seasons. 
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In most years, the time animation of cryptosporidiosis cases in Christchurch, New Zealand displayed 

an increase in rural cases before an increase in urban cases during the spring. However, the opposite 

appeared to be true in 2015, and there was no clear difference in timing in 2013. The time animation 

also showed occasional late summer/early autumn peaks in urban areas. The seasonal maps underline 

these findings (Figure 73, Figure 74). 
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Figure 73. Maps comparing the average number of cryptosporidiosis cases per meshblock by 
season in Christchurch, New Zealand, 2010-2015. A larger number of rural meshblocks with 

cryptosporidiosis cases is particularly evident in spring compared with other seasons. 
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Figure 74. Maps comparing the average number of cryptosporidiosis cases per meshblock by 
season in Christchurch, New Zealand, 2010 -2015, zoomed to urban areas. Fewer 

cryptosporidiosis cases are evident in urban meshblocks in winter compared with other seasons.
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There were not many cryptosporidiosis cases in or around Invercargill over the study period, making 

it difficult to detect trends in the timing of cases for some years. However, from 2012 to 2014 there 

appeared to be an increase in rural cases in the spring that preceded an increase in urban cases. The 

seasonal maps indicate that both urban and rural cases were highest in spring months (Figure 75).  
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Figure 75. Maps comparing the average number of cryptosporidiosis cases per meshblock by 
season in Invercargill, New Zealand, 2010-2015. A larger number of rural meshblocks with 

cryptosporidiosis cases is particularly evident in spring compared with other seasons. 
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Overall, cryptosporidiosis cases show strong seasonality with a spring peak evident across New 

Zealand, despite variation in the timing, duration, and magnitude of the peak. There was also 

evidence of an occasional autumn peak in urban areas. 

6.5  Discussion 

Clear seasonal patterns were observed for campylobacteriosis and cryptosporidiosis in this study. The 

seasonality of disease notifications can be explained by a number of different factors, such as climate, 

social and behavioural patterns, agricultural or environmental changes, and other drivers (Cherrie 

2018). A global review of the seasonal patterns of five zoonotic enteric diseases stated that:  

“regular, recurring patterns [i.e. consistent seasonal peaks] indicate a 
strong, direct, environmental influence on pathogen epidemiology, 
pathogen reservoirs and transmission pathways or factors that affect the 
frequency of pathogen-host interactions. However, such patterns have also 
been attributed to population characteristics such as seasonal farming and 
recreational activities, mobility patterns and periodic changes in host 
susceptibility to infection. (Lal 2012b, pg. 1)” 

Weather has been linked to the seasonality of certain infectious diseases and can influence pathogen 

or vector survival and abundance, as well as host characteristics, such as behaviour and susceptibility 

(Cherrie 2018). Weather may be a particularly important driver of faecal-oral infectious diseases 

through the increased survival of pathogens in the environment (Grassly 2006, Cherrie 2018). 

Additionally, for foodborne diseases, sustained warmer temperatures could increase the length of time 

for viable transmission of pathogens and enhanced opportunities for food handling errors to lead to 

seasonal outbreaks (Lal 2012b). 

Certain behavioural determinants of disease correlate with season and weather and may also help to 

explain the patterns observed. For example, barbequing occurs more frequently in summer and may 

increase the risk of exposure to pathogens through undercooked meat (Yun 2016, Cherrie 2018). 

Additionally, recreational activities in or on waterways are also more likely to occur in the summer, 

and may increase the risk of exposure to pathogens through contaminated water (Yun 2016, Cherrie 

2018). Foreign travel can also influence patterns of disease. For example, increases in disease rates 

have been reported as people return from countries with poor sanitation during holiday periods 

(Ekdahl 2004, Lal 2012b, Cherrie 2018). 

Pathogens can be sensitive to heat, moisture, oxygen levels, light, and nutrients (Griffiths 1990, Lal 

2012b). In particular, research suggests that warmer temperatures could lead to increased pathogen 

proliferation and enhanced survival (Kovats 2004, Fleury 2006, Lal 2012b). This could in turn 
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increase pathogen loads in animal reservoirs (Lal 2012b), and increase the length of transmission 

seasons (Semenza 2009, Lal 2012b). The seasonal variation in the pathogen carriage rate in livestock, 

including dairy cattle, could also influence the seasonality of disease rates (Stanley 2003, Menrath 

2010, Williams 2010). Evidence indicates that Campylobacter jejuni  and Cryptosporidium parvum  

are widespread in newborn dairy calves in New Zealand (Grinberg 2005, Al Mawly 2015a) (see 

section 2.4.1). Infected dairy calves may be a direct or indirect source of campylobacteriosis or 

cryptosporidiosis infection in humans (Grinberg 2005, Snel 2009a), which may explain the 

seasonality of human disease rates associated with the spring calving and lambing period in New 

Zealand. Furthermore, certain farming management practices, such as grazing, overwintering, and 

herd movements, could influence pathogen shedding in cattle (Stanley 2003), and in turn influence 

human exposures and the seasonality of disease rates. The observed temporal patterns could also 

differ by pathogen strain (Learmonth 2004, McCarthy 2012, Friedrich 2016), although strain specific 

data was unavailable for this study. 

6.5.1 Campylobacteriosis 

Following poultry industry interventions, campylobacteriosis rates decreased substantially in urban 

areas, but rates in rural areas have remained relatively high. Both urban and rural campylobacteriosis 

rates exhibit a distinct seasonal peak. Specifically, in urban areas campylobacteriosis rates peaked in 

the summer, while in rural areas rates began to increase in August, exhibited a spring peak, and then 

remained relatively high through most of the summer. The observed summer peak in 

campylobacteriosis may be due to a peak in Campylobacter jejuni clonal complex CC45. As noted in 

section 6.2, a time series study of genotyped human campylobacteriosis cases in Manawatu, New 

Zealand from 2005 to 2013 found that CC45 was the only prevalent clonal complex to display a 

summer peak (Friedrich 2016). However, CC45 is associated with a wide range of potential hosts and 

environmental sources (Levesque 2008, Gripp 2011, Sheppard 2014, Friedrich 2016). 

In New Zealand, the literature has shown mixed results for the relationship between 

campylobacteriosis and climate (Lal 2013b), with both a time series analysis (Lal 2013b) and spatial 

analyses of campylobacteriosis determinants (Rind 2010, Spencer 2012) indicating that climatic 

factors were not significantly associated with campylobacteriosis incidence in New Zealand. 

Furthermore, a review of the seasonality of campylobacteriosis in New Zealand and Europe indicated 

that the seasonal campylobacteriosis peak in New Zealand was more variable than in other countries 

(Nylen 2002), which may indicate that there is a seasonal driver unrelated to climate (Lal 2013b).  
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However, positive associations between campylobacteriosis and temperature have been reported in a 

number of countries including, but not limited to, the US (Naumova 2007) and the UK (Nichols 2012, 

Abdelmajid 2017, Cherrie 2018). For example, campylobacteriosis was associated with temperature 

in the previous two weeks in a study in England and Wales (Nichols 2012). A review of pathogen 

seasonality in England and Wales also indicated that Campylobacter had positive correlations with 

higher temperatures, sunshine, and vapor pressure in the previous month (Cherrie 2018). However, 

another recent study reported that the association between temperature and campylobacteriosis was 

likely to be indirect (Abdelmajid 2017).  

Box plots of average monthly campylobacteriosis rates displayed distinct patterns between urban and 

rural areas. Additionally, peak rates in rural areas were higher than peak rates in urban areas. The box 

plots also showed a slightly different pattern between areas with no dairy cattle and areas with dairy 

cattle. Areas with dairy cattle displayed greater amplitude and higher seasonal peaks than areas 

without dairy cattle after 2008. However, areas with high dairy density did not display stronger 

seasonal peaks than areas with low or medium dairy density. 

Time animations and seasonal maps for campylobacteriosis cases in Hamilton, New Plymouth, 

Christchurch, Invercargill and the surrounding areas also highlighted different patterns of 

notifications between urban and rural areas, despite differences in the exact timing, magnitude, and 

duration of seasonal peaks. Additionally, increases in rural cases often appeared to precede increases 

in urban cases, suggesting that there are different determinants for infections in urban versus rural 

areas. It is also possible that rural exposures may have driven some of the burden of disease in urban 

areas.  

6.5.2 Cryptosporidiosis 

Cryptosporidiosis rates in rural areas exhibited a large spring peak. This finding is in line with several 

previous studies that reported a spring peak in cryptosporidiosis incidence in New Zealand (Lake 

2008, Snel 2009a, Lal 2013b). A spring peak is also evident in urban areas, but it is not as marked. 

Additionally, urban areas tend to have a small peak in the autumn. Evidence suggests that the autumn 

peak is predominantly Cryptosporidium hominis cases, while the spring peak is predominantly 

composed of C. parvum cases (Learmonth 2004, Snel 2009a). Specifically, a study that examined 

Cryptosporidium oocysts isolated from human faecal specimens using the PCR-restriction fragment 

length polymorphism technique found that C. hominis was dominant in urban areas, while C. parvum 

was dominant in rural areas (Learmonth 2004). Furthermore, a seasonal shift in transmission cycles 
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was observed, with an anthroponotic cycle in the autumn and a zoonotic cycle in the spring 

(Learmonth 2004).  

In addition, time series plots and monthly box plots indicated that the spring peak was earlier in rural 

areas than in urban areas. The spring peak was also earlier in areas with dairy cattle than in areas with 

no dairy cattle. It is thought that the spring peak is associated with agricultural practices, specifically 

the birth of newborn livestock (Learmonth 2001, Snel 2009a). Calves younger than two months old 

are a major host for C. parvum (Grinberg 2005, Al Mawly 2015a), but less than 1% of post-weaned 

calves and adult dairy cattle shed C. parvum oocysts in faeces (Snel 2009a). Therefore, the spring 

peak may be due to spring calving (Snel 2009a).  

Cryptosporidiosis has also been associated with weather and climatic conditions. In New Zealand, 

cryptosporidiosis has been associated with rainfall (Britton 2010, Lal 2013b) and temperature (Lake 

2008, Britton 2010, Lal 2013b). Specifically, a study that examined associations between regional 

climate variability and enteric disease incidence in New Zealand using Seasonal Auto Regressive 

Integrated Moving Average (SARIMA) models found that the average temperature of the previous 

month was positively associated with cryptosporidiosis incidence (Lal 2013b). Similar findings have 

been reported in the United States (Naumova 2007), Australia (Hu 2007), and the United Kingdom 

(Lake 2005). For example, a review of pathogen seasonality in England and Wales found that 

cryptosporidium had positive correlations with lower temperature variables (e.g. snow cover, ground 

frost, and air frost), precipitation, mean wind speed, and relative humidity in the previous month 

(Cherrie 2018).  

Similar to the results for campylobacteriosis, box plots of average monthly cryptosporidiosis rates 

displayed distinct patterns between urban and rural areas. Peak rates in rural areas were markedly 

higher than peak rates in urban areas. The box plots also showed a distinct pattern between areas with 

no dairy cattle and areas with dairy cattle. Specifically, areas with dairy cattle displayed greater 

amplitude and higher seasonal peaks than areas without dairy cattle. Furthermore, there were 

differences in the magnitude of peaks in cryptosporidiosis rates between areas with different dairy 

cattle densities. Areas with low dairy cattle density appeared to have slightly higher seasonal peaks 

than areas with medium or high dairy cattle density.  

Time animations and seasonal maps for cryptosporidiosis cases highlighted different patterns of 

notifications between urban and rural areas. Specifically, increases in rural cryptosporidiosis cases 
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often preceded increases in urban cases. This was similar to the results for campylobacteriosis and 

may indicate that rural exposures drove part of the burden of disease in urban areas.  

6.5.3 Limitations 

As noted in Chapter 5 (see section 5.5.1), there are considerable limitations of using passive 

surveillance data to assess disease distribution, including underreporting, notification bias, and 

the misallocation of cases to geographic areas. The use of report date for notifications may 

also have slightly skewed temporal analyses in this study. Specifically, report date was used, 

rather than estimated onset date, due to the completeness and reliability of the report date variable 

over the onset date variable in the national disease notification dataset. However, the use of onset date 

would likely have improved the results slightly as onset date is closer to the time that infection was 

acquired. This limitation would primarily impact the daily and monthly aggregation of notifications. 

It is unlikely that there were substantial seasonal variations in reporting that might have introduced 

bias. The imputation of missing onset dates could help to overcome this issue in future studies. 

Additionally, the patterns described in this chapter could be influenced by pathogen strain 

(Learmonth 2004, Snel 2009a, McCarthy 2012). However, strain specific data was not available for 

this study. Furthermore, population factors that influence disease risk, including demographics, 

socioeconomic status, and immunity status were not accounted for in this study. While these factors 

are unlikely to change significantly over shorter time periods (e.g. monthly), they may vary on a 

longer timescale and could confound the long-term temporal patterns that are reported here. 

6.5.4 Conclusions 

Both campylobacteriosis and cryptosporidiosis rates displayed clear seasonal patterns. This finding 

was in line with previous research which has indicated that in temperate, higher income nations, 

infectious enteric zoonoses exhibit seasonal peaks and patterns associated with weather conditions 

(Naumova 2006, Lal 2012b). Differences between disease notifications in urban and rural areas were 

also apparent, suggesting that the determinants of disease are likely to differ by location. There also 

appeared to be differences in notification rates between areas with dairy cattle, in comparison with 

areas with no dairy cattle. 

Additional research is required to determine the importance of livestock hosts, particularly dairy 

cattle, to human infections, and to ascertain the precise transmission pathways by which humans are 

exposed to zoonotic pathogens in New Zealand. Future research should also investigate the 



 307 

relationship between notified human cases, climatic conditions, livestock management practices, 

environmental characteristics, and other variables that may help to explain seasonal patterns.  

In the next chapter, a space-time cluster detection method is used to investigate clustering of 

campylobacteriosis and cryptosporidiosis in New Zealand, and to identify potential temporal and 

spatial risk factors.  
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Chapter 7                                                                                           

Detection of Space-Time Clusters of Campylobacteriosis and 

Cryptosporidiosis in New Zealand 

7.1 Chapter Aims 

Aims were to (i) detect spatio-temporal foci in the incidence of campylobacteriosis and 

cryptosporidiosis in New Zealand, (ii) compare detected clusters to reported outbreaks, and (iii) 

compare the location of detected clusters to potential environmental risk factors in order to identify 

potential risk factors for these diseases. 

7.2 Introduction 

Enteric disease rates remain consistently high in New Zealand in comparison with other high-income 

nations (Snel 2009a, Lal 2013b). The identification of disease-specific patterns, such as clustering, 

will enhance understanding of pathogen ecology and transmission pathways. Clustering of disease 

cases can occur for a number of different reasons, including the infectious spread of disease, the 

occurrence of disease vectors in specific locations, the clustering of either a single risk factor or 

multiple risk factors, or the existence of health hazards, such as localised sources of pollution 

(Pfeiffer 2008). Analysis of potential disease clustering can help to determine whether clustering is 

statistically significant and worthy of further investigation, or whether it is likely to be a chance 

occurrence or is actually a reflection of the distribution of the population at risk (Pfeiffer 2008). This 

determination is particularly important when examining disease aetiology (Pfeiffer 2008). 

Generally, space-time cluster detection methods can be used to identify high risk areas and time 

periods (Azage 2015), link disease patterns to sources of contamination (Van Den Wijngaard 2011), 

highlight retrospective outbreaks (Huang 2010), and prospectively predict outbreaks using routine 

disease surveillance (Hughes 2013). The Kulldorff space-time scan statistic is a simple tool that can 

be used with freely available software, such as SaTScanTM (Kulldorff 2005b). It is capable of 

handling missing data and does not require population-at-risk data (Kulldorff 2005b). Additionally, 

the space-time permutation makes minimal assumptions about the spatiotemporal characteristics of 

disease clusters (i.e. time, geographic location, or size of clusters) and it adjusts for purely spatial or 

temporal variations, such as natural seasonal trends (Kulldorff 2005b), which are explored separately 

(see Chapter 6).  
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Space-time cluster detection methods have been used to investigate clustering of a number of 

infectious diseases (e.g. listeriosis (Sauders 2003) and shigellosis (Jones 2006)), including giardiasis 

and cryptosporidiosis in New Zealand (Lal 2015b). Specifically, a study examined recurrent clusters 

of sporadic giardiasis and cryptosporidiosis cases in New Zealand for three time periods: 1997-2001, 

2001-2004, and 2005-2008 using SaTScan software in order to identify locations and time periods of 

increased risk (Lal 2015b). The study found that with regard to cryptosporidiosis, many of the 

statistically significant clusters were located in areas with high livestock land use and occurred during 

the spring (Lal 2015b). Specifically, many of the clusters detected were located in areas known to 

have intensive dairy farming (e.g. Waikato, Taranaki, Canterbury, and Southland), although some of 

the most likely clusters were detected in urban areas (e.g. Wellington and Auckland) (Lal 2015b). 

Overall, the results were suggestive of seasonal strain-specific transmission cycles, with zoonotic 

transmission in the spring and anthroponotic transmission in the autumn (Lal 2015b). To the author’s 

knowledge, space-time cluster detection methods have not been used to investigate clustering of 

campylobacteriosis in New Zealand. 

The detection of space-time clusters of campylobacteriosis and cryptosporidiosis may help to identify 

temporal and spatial risk factors, which could in turn inform disease prevention and control efforts. 

Therefore, this analysis seeks to both build upon previous cryptosporidiosis research by extending the 

study period through 2015 and identify space-time clusters of campylobacteriosis in New Zealand. 

7.3 Methods 

7.3.1 Space-time Clusters 

SaTScanTM software (Kulldorff 2005a) using the Kulldorff method of retrospective space-time 

permutation was used to identify campylobacteriosis clusters from 2011 to 2015 and 

cryptosporidiosis clusters from 1997 to 2015 in New Zealand (Kulldorff 2005b). Campylobacteriosis 

dates were restricted in order to detect clusters that occurred after the implementation of several 

interventions in the poultry industry in 2006. Specifically, campylobacteriosis and cryptosporidiosis 

notification data were examined for high disease rate clusters and the analysis was carried out at the 

census area unit (CAU) level with aggregated, unadjusted count data.  

This method automatically adjusts for purely spatial patterns that are constant over time as well as 

purely temporal trends, such as seasonal patterns of disease occurrence. The space-time scan statistic 

is defined by a cylindrical window with a circular geographic base and with height corresponding to 

time. As the window moves across the study area, for each location it scans the specified time period 
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and highlights potential spatio-temporal clusters of disease cases. The size of the cylindrical window 

was limited to a radius of 25 kilometres and a maximum of 30 days, because the objective of this 

study was to identify relatively small clusters that may indicate localised exposure. 

The statistical significance of detected clusters was explored using Monte Carlo replication. A p value 

was obtained by ranking the likelihood of an observed cluster in a dataset over the maximum 

likelihoods acquired by generating 999 randomly produced datasets. The null hypothesis of no cluster 

was rejected when the simulated p value was less than 0.05. 

For each disease, SaTScan required one data file with the geographic coordinates for CAU centroids 

and another data file with case data. Population data was not required when using a space-time 

permutation model. Notified cases of campylobacteriosis and cryptosporidiosis from 1997 to 2015 in 

New Zealand were obtained from the National Notifiable Disease Surveillance system. The report 

dates of cases were used for this analysis. CAU boundaries for the 2006 National Census were 

obtained from Statistics New Zealand and the centroid for each CAU was calculated using ArcGIS. 

SaTScan provides HTML files for temporal graphs and maps of clusters. However, the output from 

SaTScan was exported and statistically significant clusters were mapped in ArcGIS.  

7.3.2 Comparison to Recorded Outbreaks 

If a case, or cases, within a statistically significant SaTScan-detected cluster had been assigned an 

outbreak number, then information about the outbreak was requested from the Institute of 

Environmental Science and Research (ESR) for comparison to the cluster. Specifically, data on the 

timing, location, and number of cases were compared to the detected clusters and information on 

potential causes and modes of transmission was also examined. 

7.3.3 Comparison to Potential Environmental Risk Factors 

Significant clusters were mapped in relation to dairy cattle density in fourth order stream catchments, 

protozoa achievement in water distribution systems, river catchment climate and source of flow, and 

modelled median Escherichia coli concentrations in rivers using ArcGIS.  

Dairy cattle density was calculated at the CAU level as described in Chapter 4. However, in an 

attempt to examine the dairy cattle density upstream of SaTScan-detected clusters, dairy cattle density 

was estimated for fourth order stream catchments. Catchment boundary layers were obtained from the 

New Zealand Ministry for the Environment (MfE). Each catchment is represented by a polygon that 
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defines the upstream watershed of a river system or sub-system. Fourth order stream5 catchments 

were used in this study because they include headwaters and small tributaries (i.e. low-order and 

middle-order streams), while anything above a fourth order stream is considered a main waterway 

(i.e. a high-order stream). Specifically, area-weighted density was calculated for fourth order stream 

catchments in ArcGIS.  

First, livestock densities and cluster data were linked to 2006 CAU boundaries. Then, the catchment 

shapefile downloaded from MfE was intersected with the CAU shapefile. The output indicated areas 

where CAUs and fourth order catchments overlapped. Next, the geometry was calculated for the 

output. The area of the new polygons created in the output was then divided by the area of the 

corresponding CAUs in order to create a weight variable (i.e. the weight variable indicated the 

proportion of a CAU that fell within a catchment). Weighted dairy cattle density for each segment of 

a catchment was then calculated by multiplying the CAU dairy cattle density by the weight variable. 

Finally, the dissolve tool was used to calculate the mean dairy cattle density for each catchment. The 

area-weighted dairy cattle density of fourth order catchments was then mapped in relation to the 

location of statistically significant disease clusters.  

Significant clusters were also mapped in relation to protozoa achievement in water distribution 

systems. Protozoa achievement data for 2013 were supplied by the ESR Water Programme from the 

Water Information New Zealand (WINZ) database. Specifically, ESR provided protozoa compliance 

data for distribution zones in New Zealand that serviced more than 200 people, as well as geographic 

boundaries for water distribution zones. However, the geographic boundaries had not been updated 

since 2010 and may have changed since that time. Distribution systems were considered compliant if 

all drinking water treatment plants in the zone achieved compliance, while if even one plant failed to 

reach compliance then the entire zone would be marked as non-achieving. Protozoa monitoring is not 

required by the Drinking-water Standards for New Zealand, therefore achievement was unknown for 

a number of distribution zones (Ministry of Health 2015a). Furthermore, protozoa achievement is 

assessed only at the treatment plant (Ministry of Health 2015a) and therefore does not indicate 

potential vulnerabilities elsewhere in the system. Despite the limitations of the protozoa achievement 

data, it does provide a rough measure of potential drinking water quality. 

Clusters were also mapped in relation to the 2010 River Environment Classification (REC) system. 

The REC was produced for the New Zealand Ministry for the Environment by the National Institute 

 
5 Stream order is the numerical position of a river reach within the entire river network (Snelder 2004). 
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for Water and Atmospheric Research (NIWA) (Snelder 2004). The REC is a spatial framework for 

New Zealand’s rivers and represents rivers as networks of sections6, including their upstream 

catchments (Snelder 2004). Specifically, the REC classifies river reaches in New Zealand at six 

hierarchical levels: (i) Climate, (ii) Source-of-Flow, (iii) Geology, (iv) Landcover, (v) Network-

Position, and (vi) Valley-Landform (Snelder 2004). The REC is provided as a GIS layer by MfE 

(Snelder 2004). In this chapter, significant clusters were mapped in relation to Climate and Source-of-

Flow, which are high-level classes that group river sections according to similarities in the 

characteristics of their catchments (Snelder 2004).  

At the Climate level there are six categories, subdividing rivers into the following classes: Cool-

Extremely-Wet (CX), Cool-Wet (CW), Cool-Dry (CD), Warm-Extremely-Wet (WX), Warm-Wet 

(WW), and Warm-Dry (WD), based on the spatially averaged climate of the catchment (Snelder 

2004). Specifically, climate classes were assigned using criteria related to long-term average annual 

precipitation, evaporation, and air temperature of the catchment of each river reach (Snelder 2004). 

However, the majority of the climate data was collected from 1950-1980 as part of the Land 

Environments of New Zealand (LENZ) classification system and does not encompass recent changes 

in climate (Snelder 2004). At the Source-of-Flow level there are eight categories based on differences 

in topography: Glacial-Mountain (GM), Mountain (M), Hill (H), Low-Elevation (L), Lake (Lk), 

Spring (Sp), Wetland (W), and Regulated (R) flow (Snelder 2004). Significant clusters were mapped 

in relation to catchment Climate and Source-of-Flow levels, using the REC GIS layer, because the 

two levels in combination can be used to very broadly subdivide rivers into groups with different 

water quality (Snelder 2004). 

Clusters were also mapped in relation to modelled median Escherichia coli concentrations in rivers. 

The concentration of E. coli is an  indicator of faecal contamination and the risk of infection from 

waterborne pathogens (Snelder 2016). The National Policy Statement for Freshwater Management 

(NPS-FM, Ministry for the Environment 2014) used four summary statistics including median E. coli 

concentration, 95th percentile E. coli concentration, the percentage of samples above 260 E. coli per 

100 mL, and the percentage of samples above 540 E. coli per 100 mL to establish water quality for 

swimming categories for New Zealand (Table 31) (Snelder 2016). However, in this chapter, clusters 

were only mapped in relation to the modelled median E. coli concentration for river reaches, which 

was obtained from MfE. Specifically, the data were available as part of the River Water Quality for 

Swimming Categories raw model output and median E. coli estimates were derived from Random 

 
6 REC river sections have an average length of 700m (Snelder 2004). 
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Forest Models that were created based on measurements taken at river monitoring sites around the 

country. Snelder (2016) describes the modeling methodology in further detail. For the purposes of 

this chapter, median E. coli concentrations were split into three categories for mapping: (i) less than 

130 E. coli  per 100ml, (ii) 130-260 E. coli per 100ml, and (iii) greater than 260 E. coli per 100ml. 

 
Table 31. Description of water quality swimming categories based on E. coli concentrations. 

Adapted from Ministry for the Environment (2019b). 

Water 
Quality for 
Swimming 
Category 

Percentage of 
samples over 
540 E.coli per 

100ml 

Percentage of 
samples over 
260 E.coli per 

100ml 

Median 
E.coli per 

100ml 

95th 
percentile of 

E.coli per 
100ml 

Risk description 

Explanation How often the 
river exceeds 
the acceptable 
threshold for 

swimming 

How often the 
river goes over 
the point where 

additional 
monitoring is 

required 

The mid-
point 

E. coli only 
exceeds this 

concentration 
5% of the 

time 

Estimated risk of 
Campylobacter infection 
based on E. coli indicator 

A (Blue) <5% <20% ≤130 ≤540 

For at least half the time, the 
estimated risk is <1 in 1000 
(0.1% risk). The predicted 
average infection risk is 1%* 

B (Green) 5-10% 20-30% ≤130 ≤1000 

For at least half the time, the 
estimated risk is <1 in 1000 
(0.1% risk). The predicted 
average infection risk is 2%* 

C (Yellow) 10-20% 20-34% ≤130 ≤1200 

For at least half the time, the 
estimated risk is <1 in 1000 
(0.1% risk). The predicted 
average infection risk is 3%* 

D (Orange) 20-30% >34% >130 >1200 

20-30% of the time the 
estimated risk is ≥50 in 1000 
(>5% risk). The predicted 
average infection risk 
is >3%* 

E (Red) >30% >50% >260 >1200 

For more than 30% of the 
time the estimated risk is ≥50 
in 1000 (>5% risk). The 
predicted average infection 
risk is >7%* 

* The predicted average infection risk is the overall average infection to swimmers based on a random exposure on 
a random day, ignoring any possibility of not swimming during high flows or when a surveillance advisory is in 
place (assuming that the E.coli concentration follows a lognormal distribution). Actual risk will generally be less if a 
person does not swim during high flows. 
1 Attribute state should be determined by using a minimum of 60 samples over a maximum of 5 years, collected on 
a regular basis regardless of weather and flow conditions. However, where a sample has been missed due to adverse 
weather or error, attribute state may be determined using samples over a longer timeframe. 
2 Attribute state must be determined by satisfying all numeric attribute states. 
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7.4 Results 

7.4.1 Space-time Clusters 

A total of 4,115 campylobacteriosis cases were notified in New Zealand from 2011 to 2015. SaTScan 

analysis detected thirty-nine clusters of campylobacteriosis during that period; nine 

campylobacteriosis clusters were statistically significant (p<0.05, Table 32). In all, 397 

(9.6%) notified campylobacteriosis cases were identified as being part of significant clusters. 

Table 32. Significant campylobacteriosis space-time clusters identified by SaTScan in New 
Zealand, 2011-2015 

Cluster Start date 
(yyyy/mm/dd) 

End date 
(yyyy/mm/dd) 

P-value Observed Expected 

1 2012/08/22 2012/08/28 1.000E-17 24 0.4618 
2 2014/12/04 2014/12/28 3.300E-16 110 34.8782 
3 2011/05/06 2011/05/06 9.037E-14 8 0.0098 
4 2011/08/09 2011/08/23 2.743E-08 46 10.4708 
5 2012/05/17 2012/06/11 1.953E-06 64 21.0895 
6 2014/12/29 2014/12/29 2.722E-05 26 4.2318 
7 2014/11/10 2014/12/07 0.0057 89 41.9659 
8 2011/11/30 2011/11/30 0.0150 9 0.4120 
9 2011/08/22 2011/09/07 0.0190 21 3.8391 

Of the significant clusters, four were detected in 2011, two clusters were detected in 2012, and three 

clusters were detected in 2014. With regard to seasonality, three of the significant campylobacteriosis 

clusters fell fully or partially within spring months (September – November). Three clusters fell fully 

or partially within summer months (December – February). Two clusters fell fully or partially within 

autumn months (March – May). Four clusters fell fully or partially within winter months (June – 

August). Significant clusters were detected in the Canterbury, Wellington, Auckland, Northland, and 

Waikato regions and are indicated in orange in Figure 76.  
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Figure 76. Space-time clusters for campylobacteriosis in New Zealand (2011-2015) at the CAU 
level as identified by spatial scan statistic in SaTScan. The orange regions are significant space-

time clusters (p<0.05). 

For cryptosporidiosis, 15,822 cases were notified in New Zealand from 1997 to 2015. SaTScan 

analysis detected 65 cryptosporidiosis clusters during the study period. Thirty-eight of those clusters 

were statistically significant (p<0.05, Table 33). In total, 645 (4.1%) notified cryptosporidiosis cases 

were identified by SaTScan as being part of significant clusters.  
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Table 33. Significant cryptosporidiosis space-time clusters identified by SaTScan in New 
Zealand, 1997-2015 

Cluster Start date 
(yyyy/mm/dd) 

End date 
(yyyy/mm/dd) 

P-value Observed Expected 

1 1998/03/26 1998/04/24 1.000E-17 83 4.6162 
2 1999/03/23 1999/04/20 1.000E-17 55 1.9731 
3 2002/07/24 2002/08/14 1.000E-17 32 0.5757 
4 2001/03/01 2001/03/30 1.000E-17 56 4.7634 
5 2006/10/06 2006/10/07 1.000E-17 23 0.4528 
6 2000/10/25 2000/10/27 1.000E-17 22 0.4936 
7 2001/03/26 2001/04/24 3.300E-16 65 13.6100 
8 1999/08/25 1999/09/22 1.692E-11 26 2.3003 
9 2010/01/07 2010/02/03 1.731E-11 30 3.3242 
10 1998/02/24 1998/03/25 1.287E-08 23 2.2515 
11 2010/03/18 2010/04/16 1.394E-07 11 0.2632 
12 2003/01/29 2003/02/20 3.500E-07 14 0.6614 
13 2013/07/01 2013/07/01 1.186E-06 5 0.0066 
14 1998/10/21 1998/11/02 1.682E-06 12 0.4511 
15 2005/06/22 2005/07/13 2.679E-05 6 0.0341 
16 2005/10/05 2005/10/18 7.139E-05 12 0.6261 
17 1997/06/16 1997/06/24 8.885E-05 4 0.0038 
18 1999/06/10 1999/06/11 0.0001 4 0.0041 
19 1998/04/29 1998/05/21 0.0002 10 0.3859 
20 2011/09/20 2011/10/19 0.0002 21 3.0074 
21 2013/06/18 2013/07/04 0.0003 10 0.4039 
22 2006/09/22 2006/09/25 0.0011 4 0.0072 
23 2008/08/22 2008/09/17 0.0014 11 0.6314 
24 2000/11/20 2000/12/08 0.0022 7 0.1380 
25 2012/10/26 2012/10/29 0.0026 4 0.0088 
26 2010/03/08 2010/03/22 0.0029 9 0.3594 
27 2007/08/16 2007/09/14 0.0037 10 0.5183 
28 2011/02/14 2011/03/10 0.0041 8 0.2491 
29 2007/11/21 2007/11/29 0.0058 5 0.0363 
30 2005/11/08 2005/11/24 0.0068 5 0.0375 
31 2008/11/14 2008/11/14 0.0110 3 0.0019 
32 2015/08/19 2015/09/14 0.0130 13 1.2372 
33 2008/03/05 2008/03/14 0.0170 4 0.0140 
34 2001/02/22 2001/02/23 0.0190 4 0.0149 
35 2001/10/05 2001/10/26 0.0200 14 1.5506 
36 2001/04/26 2001/04/30 0.0270 6 0.1106 
37 1999/08/26 1999/08/26 0.0390 4 0.0177 
38 2003/10/22 2003/11/18 0.0470 10 0.6965 

The number of significant cryptosporidiosis clusters has decreased slightly over time (Figure 77). 

There were four significant clusters detected in both 1998 and 1999 and six clusters in 2001, but no 

more than two clusters were detected per year from 2011 to 2015.  
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Figure 77. Temporal distribution of statistically significant SaTScan-detected cryptosporidiosis 

clusters in New Zealand, 1997-2015. 

With regard to seasonality, many of the significant clusters fell either fully (12 clusters) or partially 

(five clusters) within spring months, coinciding with lambing and calving season in New Zealand. 

There were also 11 clusters that fell fully or partially within autumn months. Another 11 clusters fell 

fully or partially within winter months and only six clusters fell fully or partially within summer 

months. Overall, many of the clusters located in urban areas seemed to fall within autumn or winter 

months, while many of the clusters located in rural areas occurred during spring or summer. 

Furthermore, there appeared to be a North-South gradient in the timing of rural clusters occurring in 

the spring. Specifically, many of the rural spring clusters on the North Island began earlier in the 

season (i.e. late August, September, and October) than rural spring clusters on the South Island (i.e. 

October and November). Geographically, many of the significant clusters were detected in the 

Auckland, Waikato, Manawatu-Wanganui, and Otago regions. Significant clusters were also detected 

in Canterbury, West Coast, Wellington, Northland, Bay of Plenty, Taranaki, Gisborne, Hawke’s Bay, 

Nelson, and Southland. Statistically significant clusters are indicated in orange in Figure 78.  
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Figure 78. Space-time clusters for cryptosporidiosis in New Zealand (1997-2015) at the CAU 

level as identified by spatial scan statistic in SaTScan. The orange regions are significant space-
time clusters (p<0.05). 

7.4.2 Comparison of Campylobacteriosis Clusters to Recorded Outbreaks 

Of the nine significant campylobacteriosis space-time clusters detected, five had some agreement 

with recorded outbreaks (Table 34). On the North Island of New Zealand, a cluster detected in 

Northland on May 6, 2011 included 8 observed cases (Cluster 3, Table 34) and had a degree of 

agreement with an outbreak with a reported total of 10 cases that were linked to residence in a long-

term care facility.  

 



 320 

Table 34. Significant space-time clusters of campylobacteriosis and corresponding recorded 
outbreaks in New Zealand, 2011-2015 

Significant SaTScan-Detected Clusters Corresponding Outbreak(s) 
Cluster 

# 
Start Date* End Date* Observed 

Cases 
Corresponding 

Outbreak # 
Start 
Date* 

End Date* Total 
Cases** 

1 2012/08/22 2012/08/28 24 OB-12-103282-CH 2012/07/14 2012/08/25 138 
2 2014/12/04 2014/12/28 110 OB-14-105358-WN 2014/12/04 2014/12/15 51 
3 2011/05/06 2011/05/06 8 OB-11-102434-WH 2011/04/29 -a 10 
4 2011/08/09 2011/08/23 46 OB-11-102733-WN 2011/07/29 2011/08/18 9 
5 2012/05/17 2012/06/11 64 - - - - 
6 2014/12/29 2014/12/29 26 - - - - 

7 2014/11/10 2014/12/07 

89 OB-14-105307-HN 2014/11/11 2014/11/13 2 
OB-14-105285-HN 2014/11/10 2014/11/10 2 
OB-14-105313-HN 2014/11/20 2014/11/30 2 
OB-14-105318-HN 2014/11/28 2014/11/30 2 

8 2011/11/30 2011/11/30 9 - - - - 
9 2011/08/22 2011/09/07 21 - - - - 
*Dates are presented in yyyy/mm/dd format 
**Total cases include lab confirmed, clinically confirmed, and probable cases 
a Outbreak end date was not reported, but the outbreak report date fell within the cluster date range 

 

A cluster in the Waikato region from November 10 to December 7, 2014 that included 89 notified 

cases (Cluster 7, Table 34) overlapped with four small outbreaks. One outbreak had two reported 

cases within a household from November 11-13. Another outbreak had two reported cases within a 

household on November 10. A third outbreak had two reported cases from November 20-30. For this 

outbreak the suspected primary transmission mode was waterborne, with both cases drinking 

untreated, roof-collected rainwater. A fourth outbreak from November 28-30 also had two reported 

cases, but the source of infection was unknown.  

A cluster detected in the Wellington region from December 4 to December 28, 2014 that included 110 

notified cases (Cluster 2, Table 34) had a level of agreement with an outbreak with a reported total of 

51 cases that was linked to the consumption of undercooked chicken in a restaurant. Another cluster 

in Wellington from August 9 to August 23, 2011 that included 46 notified cases (Cluster 4, Table 34) 

overlapped, in part, with an outbreak with nine reported cases that were also linked to undercooked 

chicken in a restaurant. 

On the South Island, a cluster detected in  the Canterbury region from August 22 to August 28, 2012 

included 24 notified cases (Cluster 1, Table 34) and corresponded to an outbreak reported in Darfield 

from July 14 to August 25, 2012. The outbreak had 29 laboratory confirmed cases and another 109 

probable cases that were not all notified. The primary transmission mode for the outbreak was 

waterborne and an investigation confirmed that the town’s water supply was contaminated. The four 

other statistically significant campylobacteriosis clusters, including two clusters located in the 
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Canterbury region (Cluster 5 and Cluster 9, Table 34) and two clusters located in the Auckland region 

(Cluster 6 and Cluster 8, Table 34), did not match any reported outbreaks. 

7.4.3 Comparison of Cryptosporidiosis Clusters to Recorded Outbreaks 

Seventeen of the 38 statistically significant cryptosporidiosis clusters detected overlapped with 

reported outbreaks (Table 35). On the North Island of New Zealand, a cluster detected in the 

Auckland region from March 26 to April 24, 2001 (Cluster 7, Table 35) included 65 notified cases 

and partially matched two smaller reported outbreaks. The first outbreak had 37 notified cases of 

cryptosporidiosis and giardiasis from February 19 to April 18, 2001. The second outbreak had nine 

reported cases of cryptosporidiosis from March 14 to April 4. Both outbreaks were linked to childcare 

centres. Another cluster in the Auckland region from March 8 to March 22, 2010 included nine cases 

(Cluster 26, Table 35) and a couple of cases may have partially overlapped with an outbreak that had 

56 reported cases from February 16 to March 5, 2010, despite a slight misalignment of dates. The 

outbreak was linked to a contaminated school swimming pool. The cluster may more closely align 

with an outbreak that had five reported cases from March 7-19 linked to a single household.  
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Table 35. Significant space-time clusters of cryptosporidiosis and corresponding recorded 
outbreaks in New Zealand, 1997-2015 

Significant SaTScan-Detected Clusters Corresponding Outbreak(s) 
Cluster 

# 
Start Date* End Date* Observed 

Cases 
Corresponding 
Outbreak #(s) 

Start Date* End Date* Total 
Cases** 

1 1998/03/26 1998/04/24 83 WN1998009a - - - 
2 1999/03/23 1999/04/20 55 CB1999009 1999/02/26 1999/04/23 61 

CB1999013a - - - 
3 2002/07/24 2002/08/14 32 WN2002014 2002/07/19 2002/08/12 48 

WN2002013 2002/06/01 2002/07/17d 24 
WN2002011 2002/05/11 2002/05/12d 4 

4 2001/03/01 2001/03/30 56 HB2001012 2001/03/02 2001/03/03 3 
HB2001011 2001/02/17 2001/03/01 5 
HB2001013 2001/02/22 2001/03/05 4 
HB2001014 2001/03/06 2001/03/17 5 
HB2001015 2001/03/10 2001/04/20 6 

5 2006/10/06 2006/10/07 23 MW2006012 2006/09/27 2006/10/07 27 
6 2000/10/25 2000/10/27 22 RO2000015 1999/12/09 -b 27 
7 2001/03/26 2001/04/24 65 AK2001051 2001/02/19 2001/04/18 37 

AK2001064 2001/03/14 2001/04/04 9 
8 1999/08/25 1999/09/22 26 - - - - 
9 2010/01/07 2010/02/03 30 OB-10-101680-CH 2009/11/12 -b 121 
10 1998/02/24 1998/03/25 23 - - - - 
11 2010/03/18 2010/04/16 11 - - - - 
12 2003/01/29 2003/02/20 14 OT2003001 2003/01/17 2003/01/26 4 
13 2013/07/01 2013/07/01 5 OB-13-104077-WG 2013/04/28 2013/06/20c 6 
14 1998/10/21 1998/11/02 12 - - - - 
15 2005/06/22 2005/07/13 6 - - - - 
16 2005/10/05 2005/10/18 12 - - - - 
17 1997/06/16 1997/06/24 4 - - - - 
18 1999/06/10 1999/06/11 4 - - - - 
19 1998/04/29 1998/05/21 10 - - - - 
20 2011/09/20 2011/10/19 21 OB-11-102770-HN 2011/09/16 2011/09/17c 2 

OB-11-102769-HN 2011/09/19 2011/09/23 3 
OB-11-102749-TG 2011/09/23 -b 10 
OB-11-102774-HN 2011/09/24 -b 3 
OB-11-102771-HN 2011/10/03 2011/10/05 2 
OB-11-102777-HN 2011/09/14 2011/10/12 4 

21 2013/06/18 2013/07/04 10 OB-13-104070-NP 2013/07/02 2013/07/21 26 
22 2006/09/22 2006/09/25 4 - - - - 
23 2008/08/22 2008/09/17 11 - - - - 
24 2000/11/20 2000/12/08 7 - - - - 
25 2012/10/26 2012/10/29 4 - - - - 
26 2010/03/08 2010/03/22 9 OB-10-101679-AK 2010/02/16 2010/03/05d 56 

OB-10-101734-AK 2010/03/07 2010/03/19 5 
27 2007/08/16 2007/09/14 10 - - - - 
28 2011/02/14 2011/03/10 8 - - - - 
29 2007/11/21 2007/11/29 5 OB-08-100396-DN 2007/11/14 2007/11/25 13 

OB-08-100367-DNe - - - 
30 2005/11/08 2005/11/24 5 - - - - 
31 2008/11/14 2008/11/14 3 OB-08-100818-GM 2008/10/31 -b 4 
32 2015/08/19 2015/09/14 13 OB-15-105820-AK 2015/08/21 2015/08/28 2 

OB-15-105850-AK 2015/09/14 2015/09/14 2 
33 2008/03/05 2008/03/14 4 - - - - 
34 2001/02/22 2001/02/23 4 WG2001006 2001/01/22 2001/01/30d 2 

WG2001005 2001/01/20 2001/02/17 15 
35 2001/10/05 2001/10/26 14 SO2001004a - - - 
36 2001/04/26 2001/04/30 6 - - - - 
37 1999/08/26 1999/08/26 4 - - - - 
38 2003/10/22 2003/11/18 10 RO2003011 2003/11/01 2003/11/12 6 
*Dates are presented in yyyy/mm/dd format 
**Total cases include lab confirmed, clinically confirmed, and probable cases 
a Outbreak number was associated with at least one case within the cluster, but no outbreak report was found 
b Outbreak end date was not reported, but the outbreak report date fell within the cluster date range 
c Outbreak end date did not fall within the cluster date range, but the report date for the outbreak fell within the cluster date range 
d An outbreak number was associated with at least one case within the cluster, but outbreak date range did not overlap with cluster 
date range 
e Associated outbreak number discovered after outbreak data request; outbreak report not requested 
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A cluster of 21 cases in Waikato from September 20 to October 19, 2011 (Cluster 20, Table 35) may 

partially match six smaller outbreaks. The first outbreak had two reported cases, but the dates did not 

quite align with the cluster, with the outbreak reported as lasting from September 16-17. The second 

outbreak had three reported cases from September 19-23 and was linked to contact with animal 

faeces. The third outbreak had 10 reported cases between September 23 and October 4, when the 

outbreak report was submitted. The outbreak may have started after a primary school class attended a 

camp where they had contact with farm animals. The fourth outbreak had three reported cases from 

September 24 through October 18, when the outbreak report was submitted. The outbreak report 

indicated that one or more cases were exposed to animals on a farm. The fifth outbreak had two 

reported cases from October 3-5 and was also linked to animal exposure on a lifestyle block. The 

sixth outbreak had four reported cases from September 14 to October 12. The cases in this outbreak 

reported international travel during the incubation period. Another cluster detected in Waikato from 

August 19 to September 14, 2015 included 13 cases (Cluster 32, Table 35). The cluster partially 

matched two small outbreaks. The first outbreak had two reported cases from August 21-28 and was 

linked to contact with a sick goat. The second outbreak also had two cases that were reported on 

September 14 and was linked to a single household. 

A cluster in the Bay of Plenty region from October 25 to October 27, 2000 (Cluster 6, Table 35) 

included 22 notified cases and had a degree of overlap with an outbreak with 27 reported cases that 

began on December 9, 1999. While the dates do not appear to match, no end date for the outbreak 

was recorded and the outbreak report was made on October 25, 2000. Therefore, it is possible that 

there was some overlap between the detected cluster and the reported outbreak if the reported 

outbreak occurred over a prolonged period. A number of cases from the outbreak were linked to a 

contaminated water supply on a farm. Another cluster detected in the Bay of Plenty from October 22 

to November 18, 2003 included 10 notified cases (Cluster 38, Table 35). The cluster partially 

matched an outbreak that had six cases which were reported from November 1-12 and was linked to a 

childcare centre visit to a contaminated stream, where a group went swimming. 

A cluster detected in Taranaki from June 18 to July 4, 2013 included 10 cases (Cluster 21, Table 35) 

and may have partially corresponded to an outbreak that had 26 reported cases from July 2-21. The 

outbreak was potentially linked to animal contact and a contaminated swimming pool. 

A cluster in Palmerston North in the Manawatu-Wanganui region from October 6 to October 7, 2006 

included 23 notified cases (Cluster 5, Table 35). The cluster fairly closely matched an outbreak with 

27 reported cases from September 27 to October 7 that was linked to scouring calves at a University. 
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Another cluster detected in the Manawatu-Wanganui region on July 1, 2013 included 5 notified cases 

(Cluster 13, Table 35). The cluster may match an outbreak that reported 6 cases from April 28 to June 

20, 2013. While the dates don’t closely align, the outbreak was reported on July 1, 2013 and the date 

used for the notified cases included in the cluster analysis was the report date for the notification 

rather than the onset date, which may explain the difference in dates. The outbreak was linked to a 

farm where cases had contact with dairy cattle. In addition, tests revealed that the water source had a 

low level of contamination. Additionally, a cluster detected in Manawatu-Wanganui from February 

22 to February 23, 2001 included four cases (Cluster 34, Table 35). The cluster may have partially 

aligned with an outbreak that had three laboratory confirmed cases and 12 probable cases from 

January 20 to February 17, despite the slight misalignment of dates. 

A cluster detected in the Hawke’s Bay region from March 1 to March 30, 2001 (Cluster 4, Table 35) 

included 56 notified cases and partially overlapped with five smaller reported outbreaks. The first 

outbreak had three reported cases from March 2-3. The second outbreak had five reported cases from 

February 17 to March 1. The third outbreak had four reported cases from February 22 to March 5. 

The fourth outbreak had five reported cases from March 6-17. The fifth outbreak had six reported 

cases from March 10 to April 20. All five outbreaks were linked to contaminated swimming pools. 

Additionally, a cluster in the Wellington region from July 24 to August 14, 2002 (Cluster 3, Table 35) 

included 32 notified cases and fairly closely matched an outbreak with 48 reported cases from July 19 

to August 12, 2002 that was linked to a contaminated swimming pool. 

On the South Island of New Zealand, a cluster in the Canterbury region from March 23 to April 20, 

1999 included 55 notified cases (Cluster 2, Table 35) and closely matched an outbreak with 61 

reported cases from February 26 to April 23, 1999. The outbreak was linked to a contaminated 

community swimming pool. Another cluster detected in the Canterbury region from January 7 to 

February 3, 2010 included 30 cases (Cluster 9, Table 35). The cluster partially matched an outbreak 

with 121 reported cases that started on November 12, 2009. An end date was not recorded for the 

outbreak, but the report was made on February 26, 2010. The outbreak was linked to infected 

swimming pools.  

A cluster detected in the West Coast region on November 14, 2008 included three cases (Cluster 31, 

Table 35) and displayed a degree of agreement with an outbreak that had four reported cases between 

October  31 and November 14, when the outbreak report was submitted. The outbreak may have been 

linked to the consumption of untreated drinking water, poor hygiene, or contact with animals.  
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Additionally, a cluster in the Otago region from January 29 to February 20, 2003 included 14 cases 

(Cluster 12, Table 35) and may partially match an outbreak that reported 4 cases from January 17-26, 

although the dates do not closely align. The source of the outbreak was unknown. Another cluster 

detected in the Otago region from November 21 to November 29, 2007 included five notified cases 

(Cluster 29, Table 35). The cluster closely matched an outbreak that had five laboratory confirmed 

cases, as well as eight probable cases from November 14-25. The outbreak was linked to a day-care 

visit to a farm and to a residence with pets. 

Of the 21 other significant cryptosporidiosis clusters, two (Clusters 1 and 35, Table 35) may have had 

overlapped with reported outbreaks. One or more cases within each cluster had an outbreak number 

assigned. However, corresponding outbreak reports could not be located. Nineteen clusters did not 

have any cases that were associated with known outbreaks (Clusters 8, 10, 11, 14-19, 22-25, 27, 28, 

30, 33, 36, and 37; Table 35).  

7.4.4 Comparison of Clusters to Environmental Risk Factors 

A number of the significant clusters were located near fourth order catchments with higher dairy 

cattle densities (Appendix G). However, the use of dairy cattle density for fourth order catchments as 

a proxy for upstream dairy cattle density has considerable limitations. While fourth order streams 

were used in this chapter because they provide a natural breaking point (i.e. any stream over order 

four is considered a major waterway), the use of fourth order catchments excludes all larger 

waterways. However, dairy cattle are typically farmed at lower elevations in New Zealand, as 

opposed to sheep and beef cattle which are often farmed on hill or high country (Morris 2013), and 

some farms may be directly upstream of high order river reaches. However, visualisation of the 

location of clusters in relation to the dairy density of fourth order catchments indicates that it is 

plausible that dairy cattle played an important role in the development of some disease clusters, 

whether through direct transmission or indirectly through the environment. 

When clusters were mapped in relation to the protozoa achievement of water distribution zones 

(Appendix G), it became apparent that many of the clusters were substantially larger than a single 

water distribution zone. Some clusters overlapped with multiple zones, while other clusters did not 

overlap with any zones. From an initial visual inspection, it appeared that several clusters located in 

the Canterbury and Southland regions overlapped with one or more water distribution zones that 

failed to achieve protozoa compliance in 2013. Other clusters also overlapped with zones that were in 

non-compliance, but in these areas the overlap with non-compliant zones was particularly noticeable. 

The results suggest that drinking water quality could be a concern in certain areas.  
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It was difficult to visually compare catchment climate and source of flow for rivers in areas with 

significant clusters versus areas without clusters. However, many of the significant clusters that were 

detected were located in areas where river reaches had higher modelled median E. coli levels.  

7.5 Discussion 

Combining SaTScan statistics and GIS techniques is useful for the visualisation of spatio-temporal 

patterns in disease risk (Lian 2007, Lal 2015b). To the author’s knowledge, this is one of the first 

studies to identify space-time clusters of campylobacteriosis in New Zealand. While a previous study 

applied a Bayesian hierarchical model to notifications of campylobacteriosis from a region of New 

Zealand from 2001 to 2007 in order to identify potential outbreaks (Spencer 2011), this study applied 

a spatial scan statistic to more recent campylobacteriosis notifications (i.e. 2011-2015) across the 

whole country to detect clusters of campylobacteriosis notifications. This is also one of the first 

studies to identify space-time clusters of cryptosporidiosis in New Zealand. A previous study 

examined space-time clusters of cryptosporidiosis in New Zealand from 1997 to 2008, but split the 

data into three different time periods in order to identify recurrent clusters (Lal 2015b). This study 

used unpartitioned cryptosporidiosis notification data from 1997 to 2015. Application of the SaTScan 

method successfully identified campylobacteriosis and cryptosporidiosis clusters and clearly 

demonstrated disease risk heterogeneity at the CAU level. While some of the clusters detected may 

represent previously identified outbreaks, the space-time clusters identified in this study highlight 

potential spatial and temporal variation in the drivers of disease.  

7.5.1 Campylobacteriosis Space-time Clusters 

Nine statistically significant campylobacteriosis clusters were detected in New Zealand from 2011 to 

2015. Five of the significant clusters overlapped with previously reported outbreaks. Around 9.6% of 

notified campylobacteriosis cases from 2011 to 2015 were part of significant clusters and only 1.2% 

of cases were associated with a known outbreak during the same period, indicating that the vast 

majority of campylobacteriosis cases in New Zealand were sporadic. Six of the significant clusters 

were located on the North Island in the Northland, Auckland, Waikato and Wellington regions, while 

three of the clusters were located in the Canterbury region on the South Island. Most of the clusters 

appeared to be located in urban areas, with clusters detected in Wellington City, Porirua City, 

Christchurch City, Hamilton City, and in the suburbs of Auckland. A clear pattern in the timing of 

urban versus rural clusters was not evident. 
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In urban areas, foodborne transmission is likely dominant. Results of a cross-sectional study that 

analysed 36,000 human campylobacteriosis cases from 2001 to 2007 in three regions of New Zealand 

(i.e. Auckland, Canterbury, and Manawatu) indicated that there were differences in 

campylobacteriosis epidemiology between urban and rural areas (Spencer 2012). Specifically, the 

results suggested that in urban areas, notifications were driven by the consumption of contaminated 

food products, while in rural areas, environmental exposures were likely to play a larger role in 

transmission (Spencer 2012). A descriptive study also found differences in campylobacteriosis rates 

between urban and rural areas for different age groups in New Zealand. Specifically, the study 

indicated that while there are typically higher rates of notification and hospitalisations for 

campylobacteriosis in urban areas, when rates in children and adults were examined separately, 

children under the age of 15 years in rural areas had significantly higher notification rates than their 

urban counterparts (Baker 2007b). The results were suggestive that direct transmission from infected 

animals or contaminated environments contributed substantially to the burden of disease for rural 

children (Baker 2007b). Furthermore, a campylobacteriosis source attribution study in New Zealand 

reported that ruminant strains pose a greater threat to children living in rural areas (Mullner 2010b). 

Both campylobacteriosis and cryptosporidiosis are potentially waterborne (Till 2008, McBride 2014). 

Waterborne transmission may play a particularly important role in the development of rural clusters 

of disease. Increased pathogen loads in waterways and increased disease incidence have been 

associated with increased rainfall, especially areas with agricultural land use (Auld 2004, Thomas 

2006, Jokinen 2012). Heavy rainfall can transport pathogens from the environment into surface 

waters or groundwater (Jokinen 2012, McBride 2014). However, pathogens can enter waterways from 

a number of different sources, including through septic seepage or sewage discharge (Verhougstraete 

2015), the application of wastewater for irrigation, the direct deposition of animal faecal matter 

(Davies-Colley 2004), the washing of animal manure from the land in surface runoff (Davies-Colley 

2008), and the resuspension of riverbed or storm drain sediment by increased water flows (McBride 

2014). Humans can then be exposed to pathogens through recreational contact with waterways or 

through the consumption of contaminated drinking water (Bridgman 1995, Hoxie 1997, Rizak 2008). 

Heavy rainfall following periods of drought may be of particular concern. Droughts can lead to higher 

concentrations of pathogens in both surface waters and groundwater (Ajeagah 2010, Lal 2013a). 

Droughts can also lead to increased runoff from land that is dry and unsaturated (Boxall 2009, Lal 

2013a). Therefore, intense rainfall following a drought can flush high pathogen loads and result in 

higher disease incidence (Lal 2013b). For example, in the United Kingdom, approximately 20% of 
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waterborne disease outbreaks from 1910 to 1999 occurred following prolonged dry spells (Nichols 

2009). By contrast, only 10% of outbreaks were associated with heavy rainfall (Nichols 2009). 

In New Zealand, studies have shown that the concentration of Campylobacter jejuni strains increases 

markedly in waterways during rainfall-runoff events, particularly in the early stages of an event 

(McBride 2011a, McBride 2011b). Catchment scale modeling has also specifically shown high 

concentrations of ruminant Campylobacter strains during flood events as a result of agricultural 

runoff (McBride 2011a). Additionally, a study that assessed the impacts of intensive dairy farming 

and border-strip irrigation on the leaching of Campylobacter spp. to shallow groundwater in a 

catchment in Canterbury found Campylobacter in 12% of samples from five wells over a three-year 

period (Close 2008). Epidemiological assessment of the region indicated a statistically significant 

increase campylobacteriosis (Relative Risk (RR)=1.51, 95% CI 1.33-1.72), cryptosporidiosis 

(RR=5.33, 95% CI 4.12-6.90), and salmonellosis (RR=2.05, 95% CI 1.55-2.71) rates in areas of dairy 

farming with major irrigation schemes compared to areas without dairy farms (Close 2008). 

Molecular genotyping of Campylobacter samples from environmental water also found an overlap 

between strains isolated from human cases and ruminants, suggesting that the consumption of 

untreated drinking water or recreational contact with surface water contaminated by livestock may be 

an important source of infection in rural areas (French 2011). However, another study that isolated 

Campylobacter jejuni from recreational river water samples taken from the lower Taieri River on the 

South Island of New Zealand did not find any molecular similarities with human cases in the 

surrounding region and the authors concluded that the river was not a source of human 

campylobacteriosis infection (Eyles 2006).  

7.5.2 Cryptosporidiosis Space-time Clusters 

Thirty-eight statistically significant cryptosporidiosis clusters were detected in New Zealand from 

1997 to 2015. Seventeen of the significant clusters overlapped with previously reported outbreaks. 

Approximately 4% of notified cryptosporidiosis cases from 1997 to 2015 were part of significant 

clusters, while 9% of notified cases for the same period were associated with an outbreak. Twenty-

five of the significant clusters were located on the North Island, with many detected in the Auckland, 

Waikato, and Bay of Plenty regions on the northern half of the island. Thirteen of the significant 

clusters were located on the South Island. Overall, many of the clusters located in urban areas seemed 

to fall within autumn or winter months, while many of the clusters located in rural areas occurred 

during the spring.  
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The cryptosporidiosis results were in line with previous findings, despite differences in 

methodologies. The previous study in New Zealand excluded all cases that were identified as being a 

part of a known outbreak (Lal 2015b). However, in this study outbreak-associated cases were 

included in the analysis and detected clusters were then compared to known outbreaks. Furthermore, 

this study used a smaller cylindrical window to scan for clusters, with a maximum temporal size of 30 

days and a spatial radius of 25 kilometres, as compared to 60 days and 50 kilometres used by Lal 

(2015b). The smaller cylindrical window was used in order to identify smaller clusters that may 

indicate localised exposure.  

Several significant cryptosporidiosis clusters were located in urban areas (e.g. Auckland, Hamilton, 

Wellington, Christchurch) and many of those clusters occurred during autumn or winter months. It is 

possible that in those areas, person-to-person transmission may be a more important route than in 

rural areas. Furthermore, clusters detected during autumn months may be due to the transmission of 

Cryptosporidium hominis rather than the zoonotic Cryptosporidium parvum, as previous research has 

indicated that there are seasonal strain-specific transmission cycles, with zoonotic transmission in the 

spring and anthroponotic transmission in the autumn (Lal 2015b). A number of clusters were detected 

in rural areas (e.g. Waikato, Canterbury Plains, Southland, West Coast) during spring months. Spring 

peaks in cryptosporidiosis in rural areas may be associated with spring calving and lambing, because, 

as noted in Chapter 2, newborn livestock may be an important source of cryptosporidiosis infection 

(Learmonth 2001, Grinberg 2005, Snel 2009a). 

Spring clusters of cryptosporidiosis in rural areas of New Zealand may also be associated with rainfall 

(Britton 2010), as suggested by a study in England, which showed that peaks in spring rainfall 

preceded peaks in cryptosporidiosis notifications (Naumova 2005). Studies have shown that heavy 

rainfall events can significantly increase surface runoff of Cryptosporidium oocysts over agricultural 

land (Davies 2004, Davies-Colley 2008, Tryland 2011, Lal 2013a). Furthermore, heavy rainfall 

events have been associated with increased Cryptosporidium pathogen loads in waterways and 

increased cryptosporidiosis incidence (Curriero 2001, Lake 2005). Recreational water contact has 

been identified as an important risk factor for infection (Lake 2008). Rainfall associated runoff could 

also exacerbate risk related to the consumption of untreated drinking water. Groundwater 

contamination as a result of agricultural practices has been associated with increased risk of 

cryptosporidiosis (Close 2008). Higher cryptosporidiosis rates have also been reported in areas with 

untreated or inadequate drinking water supplies in New Zealand (Duncanson 2003). Furthermore, 

Cryptosporidium spp. are resistant to conventional water treatment techniques (Coffey 2010) and 
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increased pathogen loading due to heavy rainfall events could overwhelm potable water and 

wastewater infrastructure and lead to disease outbreaks (Lal 2014).  

Hydrological characteristics, such as stream flow and turbidity, may also be important factors in the 

transmission of Cryptosporidium (Swaffer 2014, Brankston 2018). The concentration of 

Cryptosporidium has been significantly and positively correlated with river flow and turbidity during 

rainfall events in Australia (Swaffer 2014). Significant associations have also been reported between 

maximum river flows and cryptosporidiosis cases during the spring in the United Kingdom (Lake 

2005). However, a study examining the seasonality of human cryptosporidiosis in New Zealand did 

not find an association between river flows or rainfall (Lake 2008) and the relationship between river 

flows and human infection is not clear. Some studies have reported higher Cryptosporidium 

concentrations during high flow events (e.g. Robinson 2011), while other studies have reported higher 

concentrations during low flow events (e.g. Brankston 2018) . It is possible that while heavy rainfall 

events may lead to increased surface water runoff, high flow conditions, and higher pathogen loads in 

waterways (Davies 2004, Davies-Colley 2008, Tryland 2011, Lal 2013a); higher flow conditions may 

also allow for the dilution or more rapid flushing of pathogens from waterways (Brankston 2018). 

Higher water flow could also disturb oocysts settled in streambeds, which could in turn contribute to 

higher concentrations (Robinson 2011). Conversely, low flow conditions may not allow for the 

dilution or flushing of pathogens from waterways and therefore pathogens may become highly 

concentrated (Brankston 2018).  

7.5.3 Limitations 

One of the limitations of SaTScan is that over a long time period, clusters may be detected as a result 

of underlying population changes in certain areas. Specifically, the space-time scan statistic assumes 

that any change in the population at risk occurs evenly across the study population (Pfeiffer 2008). 

However, demographic shifts were not considered in this analysis. Another limitation is the a priori 

choice of cluster size, but there are not clear guidelines for dealing with this issue (Pfeiffer 2008). 

Furthermore, it is possible that the use of a circular cluster window may result in the analysis missing 

non-circular clusters, such as those along a river (Pfeiffer 2008). Some studies have indicated that a 

circular cluster window can still successfully detect non-circular clusters of disease (Kulldorff 2004). 

However, it may be beneficial to use an irregularly shaped cluster window as a sensitivity test in the 

future. 

As noted in Chapter 5 (see section 5.5.1), there are also considerable limitations of using passive 

surveillance data to assess disease distribution, including the underreporting of cases (Lian 2007, Lal 
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2015b) and the incorrect allocation of cases to geographic areas (Skelly 2002). In New Zealand, 

disease notifications report case location based on a person’s home address, which may not be an 

accurate reflection of exposure due to commuting or travel patterns. However, these data deficiencies 

are less likely to impact the detection of space-time clusters, as opposed to purely spatial clusters, 

because space-time clusters must exhibit both spatial and temporal variation (Kulldorff 2005b).  

A further limitation is that although foreign travel can play an important role in campylobacteriosis 

and cryptosporidiosis epidemiology (Ekdahl 2004, Vrbova 2012), cases related to international travel 

could not be distinguished in this study. Additionally, the use of onset date instead of report date 

could improve the detection of disease clusters, as this is closer to the actual time of infection (see 

also section 6.5.3). However, the report date for notifications was used in this study because onset 

dates were not available for every notified case and, where available, the onset dates may not have 

been accurate.  

Finally, as previously noted (see section 6.5.3), strain specific data was not available for this study. 

Clear differences in the timing of cryptosporidiosis clusters between urban and rural areas were 

observed in this study, and previous research has indicated that there are seasonal strain-specific 

transmission cycles for cryptosporidiosis, with anthroponotic transmission of Cryptosporidium 

hominis in the autumn and zoonotic transmission of Cryptosporidium parvum in the spring (Lal 

2015b, Garcia-R 2020). The typing of all cases and outbreaks would improve our understanding of 

transmission pathways and better enable the development of targeted disease control measures. 

7.5.4 Comparison to Recorded Outbreaks 

Five of the nine significant campylobacteriosis space-time clusters detected had a degree of 

agreement with previously reported outbreaks, while seventeen of the 38 significant cryptosporidiosis 

clusters detected overlapped with known outbreaks. When detected clusters were compared to known 

outbreaks, some showed close agreement with regard to case numbers, while others differed 

considerably. This may be due, in part, to the spatial boundaries selected. For example, if an outbreak 

was split over the boundaries of two or more CAUs, then outbreak cases may have escaped detection. 

Specifically, the spatial scan statistic is less effective when searching for regional outbreaks, in which 

cases do not necessarily fall in adjacent areas and could be spread thinly through multiple CAUs, than 

when detecting highly localised outbreaks (Spencer 2011).  

Overall, the results suggest that a number of potential campylobacteriosis and cryptosporidiosis 

outbreaks may have gone undetected in New Zealand. The epidemiological significance of SaTScan-
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detected campylobacteriosis and cryptosporidiosis clusters that have no evidence of a relationship to a 

known outbreak merits further investigation. Refinement of the disease surveillance system could 

help to better identify and predict outbreaks. Specifically, the use of SaTScan or a similar cluster 

detection tool, in combination with field investigations, could improve outbreak surveillance. 

7.5.5 Comparison to Environmental Risk Factors 

Initial visual comparison of detected clusters to dairy cattle density in fourth order stream catchments, 

protozoa achievement in water distribution systems, river catchment climate and source of flow, and 

modelled median Escherichia coli concentrations in rivers indicated that environmental exposures 

may have played a role in the development of certain clusters. Many clusters overlapped with fourth 

order catchments with relatively high dairy cattle densities. Additionally, a number of clusters were 

located in areas that rely on non-reticulated water supplies, or in areas where the drinking water 

distribution zone did not achieve protozoa compliance. Furthermore, many of the clusters overlapped 

with river reaches that had a median E. coli concentration greater than 260 per 100ml. However, it 

was difficult to determine whether catchment climate or source of flow may have been important 

factors in the development of disease clusters. Campylobacteriosis and cryptosporidiosis clusters, 

particularly those occurring in rural areas, merit further investigation with regard to potential 

environmental risk factors, such as climatic conditions, hydrological characteristics, and drinking 

water quality. Therefore, potential environmental and social risk factors are analysed using 

classification and regression tree analysis in Chapter 8.  
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Chapter 8 Analysis of Potential Risk Factors for 

Campylobacteriosis and Cryptosporidiosis Clusters: 

Classification and Regression Trees 

8.1 Chapter Aims 

Aims were to (i) analyse potential environmental and social risk factors for campylobacteriosis and 

cryptosporidiosis clusters and (ii) identify interactions between risk factors using classification and 

regression tree (CRT) analysis. 

8.2 Introduction 

Evidence suggests that environmental and social factors influence enteric disease patterns. Previous 

studies have identified climatic conditions (McBride 2014, Lal 2015c) and agricultural land use (Snel 

2009b, Thorburn 2010, Spencer 2012, Lal 2015c, Lal 2016) as potential environmental risk factors 

for campylobacteriosis and cryptosporidiosis infections in New Zealand. There is also evidence that 

hydrological conditions may play an important role in the environmental transmission of 

campylobacteriosis in New Zealand (Eyles 2003, Till 2008, McBride 2011a, McBride 2011b). 

Studies in Australia (Swaffer 2014) and the UK (Lake 2005) have also linked hydrological conditions 

to the presence of Cryptosporidium oocysts in waterways, but studies in New Zealand have not 

reported similar associations (Lake 2008, Till 2008). A number of social factors have also been 

identified as important risk factors for both diseases, including age, gender, ethnicity, and 

socioeconomic status (Snel 2009a, Thorburn 2010, Spencer 2012, McBride 2014, Lal 2015c). The 

interaction between such factors could result in the dominance of certain pathogen reservoirs and 

transmission pathways for enteric infections in New Zealand.  

In the previous chapter, space-time clusters of campylobacteriosis and cryptosporidiosis were 

detected and explored. A number of the detected clusters did not display agreement with known 

outbreaks and may represent previously undetected outbreaks. In this chapter, Classification and 

Regression Tree (CRT) analysis was applied to analyse the relationship between detected 

campylobacteriosis and cryptosporidiosis disease clusters and potential risk factors. While previous 

studies explored the risk factors associated with sporadic campylobacteriosis (e.g. Spencer 2012, 

Sears 2011, Rind 2010) and cryptosporidiosis (e.g. Lal 2016, Snel 2009) notifications in New 

Zealand, little research has been conducted with regard to the potential risk factors associated with 
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clusters of disease notifications. In this study, the use of a geographic information system (GIS) in 

combination with machine learning techniques provided an opportunity to explore relationships 

between potential environmental and social risk factors that exhibit geographic patterns and the 

development of enteric disease clusters.  

8.3 Methods 

8.3.1 Data Collection 

Livestock numbers for 2014 were obtained from AgribaseTM database and meshblock level densities 

were calculated for dairy cattle, beef cattle, sheep, and poultry using the method described for dairy 

cattle in Chapter 4. Previous studies have highlighted the importance of assessing the relationship 

between dairy and beef cattle densities and enteric disease notification rates separately in New 

Zealand. For example, a retrospective analysis of campylobacteriosis rates from 2001 to 2007 in 

selected regions of New Zealand found that beef cattle density was not a significant predictor for 

campylobacteriosis, while dairy was a significant predictor in rural areas (Spencer 2012). 

Additionally, an ecological analysis of cryptosporidiosis notification rates from 2004 to 2009 and 

ruminant densities in New Zealand reported an inverse relationship between beef density and 

cryptosporidiosis rates, while increases in dairy cattle density were significantly associated with an 

increase in cryptosporidiosis notification rates (Thorburn 2010). 

Population data for census year 2013 were obtained from Statistics New Zealand, as described in 

Chapter 5. Variables included the usually resident population, gender, and age group estimates at the 

meshblock level. While ethnicity may be an important risk factor for enteric infections in New 

Zealand, it was not included in the CRT models. Notification rates for enteric diseases tend to be 

higher for those of European descent in New Zealand (Baker 2007b, Snel 2009b, Rind 2010, Cowie 

2013, Lal 2014), but this may be due to notification bias. Māori and Pacific peoples tend to 

experience higher hospitalisation rates for enteric infections and may only have lower notification 

rates due to discrepancies in access to health care services (Baker 2007b, Lal 2014). Therefore, 

ethnicity was not included in the CRT models, so as to simplify the interpretation of the results.  

Estimates of deprivation by meshblock for 2006 were obtained from the Department of Public Health 

at the University of Otago, Wellington as described in Chapter 4. Lower scores indicated less 

deprived areas, while higher scores indicated more deprived areas. 

Modelled median E. coli concentrations for river segments in New Zealand were obtained from the 

Ministry for the Environment (MfE) as described in Chapter 7. Rigorous modeling methods were 
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used to estimate E. coli concentrations (Snelder 2016). Specifically, monthly E. coli measurements 

from 753 sites on rivers with durations from 5-24 years were analysed and summary statistics, 

including median E. coli concentrations, were calculated across all observations (Snelder 2016). Next, 

E. coli summary statistics were combined with environmental data to make national scale spatial 

predictions (Snelder 2016). Spatial models were fitted to each variable as a function of predictor 

variables using Random Forest models (Snelder 2016). Good performance was achieved for the 

spatial model for median E. coli concentration (R2 = 0.73, NSE = 0.72, RSR = 0.53; Snelder 2016) 7.  

The 2010 River Environment Classification (REC) GIS layer was also obtained from the MfE 

(Chapter 7). All six hierarchical levels of the REC (i.e. Climate, Source-of-Flow, Geology, 

Landcover, Network-Position, and Valley-Landform) were included as separate variables in the CRT 

models, although stream order was used in the place of Network-Position. Network-Position 

combined stream orders 1 and 2 into a Low-Order category, stream orders 3 and 4 into a Middle-

Order category, and stream orders 5-8 into a High-Order category (Snelder 2004). Therefore, stream 

order is more specific than the Network-Position categories. 

Protozoa achievement data for water distribution zones in 2013 were supplied by the Institute for 

Environmental Science and Research (ESR) Water Programme from the Water Information New 

Zealand (WINZ) database (see Chapter 7). 

Statistically significant SaTScan-detected clusters of campylobacteriosis and cryptosporidiosis that 

were reported in Chapter 7, were recoded into two binary variables (i.e. one for campylobacteriosis 

and another for cryptosporidiosis). Specifically, census area units that were part of significant clusters 

were coded as '1', while census area units that were not part of significant clusters were coded as '0'.  

The data were spatially linked at the river segment level using ArcGIS. Cluster indicator variables 

were linked to river segments using the Intersect tool in ArcGIS. Both the 2010 REC and modelled E. 

coli concentrations were provided at the river segment level and could be linked using a unique river 

segment identifier. Data that were provided or calculated at the meshblock level (i.e. livestock 

densities, population estimates, and socioeconomic deprivation), as well as protozoa achievement for 

water distribution zones, were linked to river segments using the Spatial Join tool in ArcGIS.  

 
7 R2 indicates the proportion of total variance explained by the model; Nash-Sutcliffe efficiency (NSE) indicates 
how closely predictions match observations, and an NSE of 1 corresponds to a perfect match between 
predictions and observations; relative root mean squared error (RSR) is calculated as a measure of the 
characteristic model uncertainty and is estimated as the mean deviation of predicted values with respect to the 
observed values divided by the standard deviation of the observations (Snelder 2016). Model performance was 
considered satisfactory if NSE > 0.50 and RSR < 0.70 (Snelder 2016). 
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Specifically, if a river segment fell either partially or fully within a meshblock, census area unit, or 

water distribution zone, then the values associated with the corresponding small area was assigned to 

the river segment. If a river segment fell within multiple areas, then the mean value was applied.  

After the data were linked at the river segment level, the proportion of the population under the age of 

5 years, between the ages of 5 and 64 years, and over 64 years of age was calculated, along with the 

proportion of the population that was male versus female. Variables of interest were then summarised 

for river reaches within statistically significant disease clusters versus river reaches in areas without 

clusters in New Zealand for campylobacteriosis and cryptosporidiosis. Categorical variables were 

summarised by the percentage of river length.  

8.3.2 Balancing Model Training Data 

Far fewer river segments fell within the spatial bounds of detected campylobacteriosis and 

cryptosporidiosis clusters than fell outside the bounds of detected clusters. Such dataset imbalances 

can be difficult for modeling techniques to correctly learn and they will tend to learn only the more 

common outcome (i.e. river segments outside of disease clusters) and ignore the less common 

outcome (i.e. river segments within disease clusters). Therefore, for this study the data used to train 

the model were balanced by duplicating river segments that fell within clusters to approximately 

match the number of river segments that fell outside the bounds of disease clusters. Balancing the 

training data better allows models to detect patterns that distinguish different groups (Yap 2014).  

8.3.3 Classification and Regression Tree (CRT) Models 

Nonparametric CRT models were used to explore the relationship among risk factors for 

campylobacteriosis and cryptosporidiosis disease clusters. The CRT models were developed using 

SPSS Modeler (IBM Corp. 2018). Ten-fold cross-validation was used to prevent overfitting of the 

models.  

CRT are analytic tools that can be used to explore complex or non-linear relationships between 

variables (Speybroeck 2012) and allow for focus on specific subsets of data or populations (Lemon 

2003). By contrast, regression models tend to examine the average effect of an independent variable 

on the probability of having a dependent variable, rather than looking at discrete subgroups 

(Speybroeck 2012). However, due to their hierarchical nature, CRT models do not allow for the 

estimation of net effects of independent variables and it can be difficult to obtain probability levels or 

confidence intervals (Speybroeck 2012). CRT methods have been used in the public health field in 

epidemiological studies to assess risk factors for morbidity and mortality for specific diseases 
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(Carmelli 1997, Camp 2002, Lemon 2003, Thang 2008, Kloos 2009, Speybroeck 2012, Gazzinelli 

2017), to compare cost-effectiveness of health screening technologies (Mcgrath 2002, Lemon 2003) 

and treatment strategies (Smith 2002, Lemon 2003), to develop health screening and diagnostic tools 

(Lavalley 2001, Lemon 2003), and to prioritise diseases according to their impact (Cardoen 2009, 

Havelaar 2010b, Speybroeck 2012). 

CRT models can be developed for either categorical (classification) or continuous (regression) 

dependent variables (Lemon 2003, Speybroeck 2012). A CRT model produces a visual output in the 

form of a multi-level structure that resembles an inverted tree (Lemon 2003, Speybroeck 2012). 

Classification and regression trees start with a single parent or root node that includes the entire set of 

observations (Lemon 2003, Speybroeck 2012). The CRT method then examines all possible 

independent variables and selects the one that results in binary groups that are most different with 

respect to the dependent variable (Lemon 2003, Speybroeck 2012). The parent node is then split using 

that variable and branches into two child nodes (Lemon 2003, Speybroeck 2012). CRT only splits 

each parent node into two child nodes (i.e. splits are always binary) and each child node becomes a 

parent node to the two groups that it splits (Lemon 2003, Speybroeck 2012). Splitting continues until 

a predetermined stopping criterion is reached (Lemon 2003). In a CRT tree, the most important 

predictor variables typically lie very close to the root (Guan 2008). Additionally, more important 

predictor variables may appear multiple times within a model (Guan 2008). 

In this study, classification trees were developed as the dependent variables were binary (i.e. ‘cluster’ 

versus ‘no cluster’). The stopping rule was based on the minimum percentage of records in the parent 

branch and in the child branch, which were set at 2% and 1% of records, respectively. Additionally, a 

maximum tree depth of five was specified. The trees were automatically pruned through the removal 

of any bottom-level splits that did not contribute significantly to the accuracy of the tree and 10-fold 

cross-validation was applied to avoid overfitting. 

One benefit of the CRT approach is that the method can handle missing data through the use of 

surrogate variables (Guan 2008, Speybroeck 2012). Similarly, CRT can also handle multicollinearity 

problems that can arise from two closely related variables (Speybroeck 2012). Specifically, CRT will 

select only one variable as the most important splitting variable and then compute importance scores 

for the variables that weren’t selected, indicating their roles as surrogates to the primary splitting 

variable (Speybroeck 2012). In other words, an importance score measures a variable’s ability to 

mimic the final tree and serve as a substitute for the selected splitting variables (Speybroeck 2012). 
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8.4 Results 

Only 12,632 (2.1%) river segments fell within the spatial bounds of a significant campylobacteriosis 

cluster. The mean dairy cattle density for river segments that fell within clusters was almost twice as 

high as the mean density for river segments that were outside of detected clusters (i.e. non-clusters; 

Table 36). Poultry, sheep, and beef densities were considerably lower for river segments within 

clusters as compared with non-clusters. Additionally, the median E. coli  concentration was almost 

three times higher for clusters than for non-clusters. The mean deprivation index score was also lower 

for clusters than non-clusters (i.e. areas within clusters tended to be more affluent). Furthermore, most 

of the river segments that fell within clusters had a low elevation source of flow and many segments 

had predominantly cool and dry catchment climate, alluvial geology, pastoral landcover, and low-

gradient valley landform (Table 37). 

Table 36. Comparison of continuous risk factors for river segments within the spatial bounds of 
a campylobacteriosis cluster versus those that were outside of detected clusters (i.e. non-

clusters) 

Explanatory Variables Clusters Non-Clusters 
N  

(# of river 
segments) 

Mean SD N  
(# of river 
segments) 

Mean SD 

Dairy Density* (animals/sq. km.) 12632 56.91 195.22 592922 31.07 1444.82 
Poultry Density* (animals/sq. km.) 12632 95.45 1547.65 592922 354.14 156137.99 
Sheep Density* (animals/sq. km.) 12632 196.87 3733.09 592922 355.11 34965.67 
Beef Density* (animals/sq. km.) 12632 38.32 601.67 592922 66.72 6964.87 
Usually Resident Population** 12632 77.21 57.09 592922 38.03 33.59 
Proportion of Population Under 5 
Years of Age**  9495 0.067 0.02 511636 0.056 0.034 

Proportion of Population 5-64 
Years of Age**  9495 0.804 0.077 511636 0.626 0.24 

Proportion of Population Over 64 
Years of Age**  9495 0.099 0.046 511636 0.093 0.06 

Proportion of Population Female** 9495 0.489 0.03 511636 0.465 0.063 
NZ Deprivation Index Score 2006 12632 690.07 404.84 592922 837.13 339.37 
Median E. coli Concentration 
(E.coli/100mL; modelled) 12630 321.64 194.96 586698 120.096 148.52 

*Livestock densities calculated for 2014 
**Population variables are based on estimates from the 2013 National Census 
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Table 37. Comparison of categorical risk factors for river segments within the spatial bounds of 
a campylobacteriosis cluster versus those that were outside of detected clusters (i.e. non-

clusters) 
Explanatory 

Variables Clusters Non-Clusters 

Frequency 
(# of River 
Segments) 

River Length 
(m) 

% of Total 
River 

Length 

Frequency 
(# of River 
Segments) 

River Length 
(m) 

% of Total 
River 

Length 
Climate 
Cool, Dry 3428 5253784.55 43.71 124180 111748321.00 24.78 
Cool, Wet 2145 1648831.24 13.72 191976 143036947.00 31.72 
Cool, Extremely Wet 599 374287.21 3.11 139340 92407883.80 20.49 
Warm, Dry 1588 1287244.10 10.71 32324 29477743.50 6.54 
Warm, Wet 4872 3455701.51 28.75 99687 70267517.10 15.58 
Warm, Extremely Wet 0 0.00 0.00 5415 4002373.74 0.89 
Source of Flow 
Glacial Mountain 56 44490.19 0.37 15965 8941103.05 1.98 
Mountain 35 59270.64 0.49 99456 63747359.70 14.14 
Hill 1058 817153.76 6.80 201324 148988833.00 33.04 
Low Elevation 11318 10951276.34 91.11 260898 200478571.00 44.46 
Lake 165 147657.68 1.23 15279 28784918.60 6.38 
Geology 
Alluvium 3312 5148213.59 42.83 65007 59353901.10 13.16 
Hard Sedimentary 3528 2427117.95 20.19 233564 155796501.00 34.55 
Soft Sedimentary 3702 2681089.69 22.31 120731 86202682.80 19.12 
Volcanic Basic 91 61725.69 0.51 8671 6138596.95 1.36 
Volcanic Acidic 1084 877397.35 7.30 96375 82349426.20 18.26 
Plutonics 0 0.00 0.00 38303 24991204.90 5.54 
Miscellaneous 915 824304.32 6.86 30271 36108473.20 8.01 
Landcover 
Bare Ground 94 90547.61 0.75 38062 22988578.10 5.10 
Indigenous Forest 1362 849337.57 7.07 142896 96833679.50 21.47 
Scrub 468 281717.58 2.34 31728 21243498.00 4.71 
Tussock 37 52847.46 0.44 94459 64931437.80 14.40 
Pastoral 8739 9015220.74 75.00 246373 194905532.00 43.22 
Exotic Forest 347 190242.06 1.58 29559 22083360.70 4.90 
Urban 1578 1530767.44 12.74 4869 4296657.88 0.95 
Wetland 0 0.00 0.00 822 1038987.98 0.23 
Miscellaneous 7 9168.15 0.08 4154 22619054.10 5.02 
Valley Landform 
Low-Gradient 8727 9336740.70 77.68 210008 173210660.00 38.41 
Medium-Gradient 1334 956051.42 7.95 72525 61204908.80 13.57 
High-Gradient 2571 1727056.49 14.37 310389 216525217.00 48.02 
Stream Order 
1 6255 5288639.32 44.00 299692 236903297.00 52.54 
2 3104 3305000.56 27.50 137093 105127788.00 23.31 
3 1502 1521424.29 12.66 76140 54278486.10 12.04 
4 806 943608.67 7.85 41346 28270386.10 6.27 
5 456 498500.69 4.15 20960 14658819.70 3.25 
6 332 307672.19 2.56 12002 7762793.74 1.72 
7 177 155002.89 1.29 4904 3435304.42 0.76 
8 0 0.00 0.00 785 503911.24 0.11 
Protozoa Achievement 
Yes 1665 1668275.01 13.88 3647 3798710.11 0.84 
No 398 675948.72 5.62 19347 18467077.20 4.10 
Unknown 517 632675.94 5.26 6807 5803479.86 1.29 
No Distribution 
System 10052 9042948.94 75.23 563121 422871519.00 93.78 

Total 12632 12019848.61  592922 450940786.17  
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A total of 47,161 (7.8%) river segments in New Zealand fell within the spatial bounds of significant 

cryptosporidiosis clusters. The mean dairy density for clusters was more than twice that for non-

clusters (Table 38). Mean sheep and beef densities were also substantially higher for clusters than for 

non-clusters. Additionally, median river E. coli  concentration was higher for clusters than for non-

clusters. Most of the river segments that fell within cryptosporidiosis clusters had a low elevation 

source of flow (Table 39). Additionally, many of the river segments within clusters had 

predominantly pastoral landcover and a low-gradient valley landform.  

Table 38. Comparison of continuous risk factors for river segments within the spatial bounds of 
a cryptosporidiosis cluster versus those that were outside of detected clusters (i.e. non-clusters) 

Variables Clusters Non-Clusters 
N 

(# of river 
segments) 

Mean SD N 
(# of river 
segments) 

Mean SD 

Dairy Density* (animals/sq. km.) 47161 74.691 2039.73 558393 27.973 1365.979 
Sheep Density* (animals/sq. km.) 47161 1290.952 98090.451 558393 272.496 22041.164 
Beef Density* (animals/sq. km.) 47161 248.659 17238.021 558393 50.71 5139.837 
Usually Resident Population** 47161 57.24 48.054 558393 37.29 32.862 
Proportion of Population Under 5 
Years of Age**  38220 0.065 0.036 482911 0.056 0.034 

Proportion of Population 5-64 
Years of Age**  38220 0.707 0.159 482911 0.623 0.243 

Proportion of Population Over 64 
Years of Age**  38220 0.096 0.053 482911 0.093 0.06 

Proportion of Population Female** 38220 0.478 0.038 482911 0.465 0.064 
NZ Deprivation Index Score 2006 47161 773.49 387.808 558393 839.18 336.814 
Median E. coli Concentration 
(E.coli/100 mL; modelled) 

46520 253.088 201.076 552808 113.509 142.378 

*Livestock densities calculated for 2014 
**Population variables are based on estimates from the 2013 National Census 

 
 

 

 

 

 



 342 

Table 39. Comparison of categorical risk factors for river segments within the spatial bounds of 
a cryptosporidiosis cluster versus those that were outside of detected clusters (i.e. non-clusters) 

Catchment 
Characteristics 

Clusters Non-Clusters 
Frequency 
(# of River 
Segments) 

River Length 
(m) 

% of Total 
River 

Length 

Frequency 
(# of River 
Segments) 

River Length 
(m) 

% of Total 
River 

Length 
Climate 
Cool, Dry 8057 8493053.90 21.94 119551 108509051.85 25.58 
Cool, Wet 6577 5016426.63 12.96 187544 139669351.21 32.92 
Cool, Extremely Wet 10596 7885748.32 20.37 129343 84896422.68 20.01 
Warm, Dry 6500 5396194.62 13.94 27412 25368792.97 5.98 
Warm, Wet 15159 11637993.09 30.07 89400 62085225.50 14.63 
Warm, Extremely Wet 272 279630.16 0.72 5143 3722743.58 0.88 
Source of Flow 
Glacial Mountain 1165 675861.49 1.75 14856 8309731.75 1.96 
Mountain 2435 1484715.85 3.84 97056 62321914.49 14.69 
Hill 6522 5098868.02 13.17 195860 144707119.19 34.11 
Low Elevation 36179 30763048.18 79.47 236037 180666799.32 42.58 
Lake 860 686553.18 1.77 14584 28246023.05 6.66 
Geology 
Alluvium 8051 8874646.97 22.93 60268 55627467.73 13.11 
Hard Sedimentary 12598 8558689.85 22.11 224494 149664928.92 35.28 
Soft Sedimentary 11165 8827858.31 22.81 113268 80055914.18 18.87 
Volcanic Basic 648 504111.02 1.30 8114 5696211.62 1.34 
Volcanic Acidic 8961 7629202.45 19.71 88498 75597621.06 17.82 
Plutonics 1083 851033.04 2.20 37220 24140171.85 5.69 
Miscellaneous 4655 3463505.07 8.95 26531 33469272.44 7.89 
Landcover 
Bare Ground 1324 800013.02 2.07 36832 22279112.72 5.25 
Indigenous Forest 10363 7798444.65 20.15 133895 89884572.41 21.19 
Scrub 1581 1072993.11 2.77 30615 20452222.45 4.82 
Tussock 1443 851274.42 2.20 93053 64133010.81 15.12 
Pastoral 28042 24348820.62 62.90 227070 179571932.02 42.33 
Exotic Forest 979 753606.79 1.95 28927 21519995.98 5.07 
Urban 3334 2984202.74 7.71 3113 2843222.58 0.67 
Wetland 30 15104.62 0.04 792 1023883.36 0.24 
Miscellaneous 65 84586.75 0.22 4096 22543635.47 5.31 
Valley Landform 
Low-Gradient 24862 21362973.06 55.19 193873 161184427.63 37.99 
Medium-Gradient 6211 5427383.24 14.02 67648 56733577.02 13.37 
High-Gradient 16088 11918690.41 30.79 296872 206333583.15 48.63 
Stream Order 
1 23484 18614631.40 48.09 282463 223577304.00 52.70 
2 10993 9598431.63 24.80 129204 98834357.00 23.30 
3 6334 5154998.89 13.32 71308 50644911.50 11.94 
4 3124 2656272.34 6.86 39028 26557722.40 6.26 
5 1470 1215897.60 3.14 19946 13941422.80 3.29 
6 834 701938.27 1.81 11500 7368527.66 1.74 
7 916 760945.81 1.97 4165 2829361.51 0.67 
8 6 5930.80 0.02 779 497980.44 0.12 
Protozoa Achievement 
Yes 2301 2356788.96 6.09 3011 3110196.15 0.73 
No 1319 1283154.39 3.31 18426 17859871.50 4.21 
Unknown 1971 1788134.97 4.62 5353 4648020.83 1.10 
No Distribution 
System 41570 33280968.40 85.98 531603 398633499.00 93.96 

Total 47161 38709046.72  558393 424251587.48  
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The first splitting variable on the classification tree for campylobacteriosis clusters was the proportion 

of the population 5-64 years of age (Figure 79). River segments with a corresponding proportion less 

than or equal to 0.767 had a lower risk of falling within a campylobacteriosis cluster (33.15% of river 

segments), as opposed to river segments with a corresponding proportion greater than 0.767 

(70.13%). In the former group, more river segments fell within campylobacteriosis clusters when the 

median E. coli concentration for the river was greater than 224.39 E. coli per 100 millilitres (66.13%), 

as compared with river segments with lower median E. coli concentrations (13.04%). For areas with a 

larger proportion of the population between the ages of 5 and 64 years, the total population was the 

next most important factor in determining risk for campylobacteriosis clusters. More river segments 

fell within a cluster if the total population of the area was greater than 66.5 (83.18%), as compared 

with areas with smaller populations (36.41%) (Figure 79). Overall, the most important predictors for 

campylobacteriosis clusters were the proportion of the population 5-64 years of age, total population, 

median river E. coli concentration, proportion of the population over 64 years of age, deprivation 

index score, protozoa achievement for water distribution systems, and predominant catchment 

geology, followed by sheep and dairy cattle densities (Table 40).  

The first splitting variable on the classification tree for cryptosporidiosis clusters was catchment 

source of flow (Figure 80). River segments with predominantly glacial mountain or low elevation 

sources of flow were more likely to fall within a cryptosporidiosis cluster (63.74%), as opposed to 

river segments that had predominantly mountain, hill, or lake sources of flow (27.38%). For the 

former group, median river E. coli concentration was the next most important splitting variable and 

river segments for which the median concentration was more than 339.16 E. coli per 100 millilitres 

were more likely to fall within a cryptosporidiosis cluster (79.88%), as compared with river segments 

with lower median E. coli  concentrations (54.01%). For river segments that had predominantly 

mountain, hill, or lake sources of flow, dairy cattle density was the next splitting variable. 

Specifically, more river segments fell within the bounds of a cryptosporidiosis cluster if dairy cattle 

density was greater than 4.07 cows per square kilometre (54.33%), as compared with lower dairy 

cattle densities (18.22%) (Figure 80). Overall, the most important predictors for cryptosporidiosis 

clusters were similar to those for campylobacteriosis clusters and included predominant catchment 

source of flow, median river E. coli concentration, dairy cattle density, proportion of the population 5-

64 years of age, deprivation index score, total population, and catchment climate (Table 41).  
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Figure 79. Classification tree of the risk factors for campylobacteriosis clusters. 
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Figure 80. Classification tree of the risk factors for cryptosporidiosis clusters.
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Table 40. Ranking of campylobacteriosis cluster risk factors 

Variables Importance 

Proportion population 5-64 years of age 0.3615 
Total population 0.3065 
Median river E. coli concentration 0.1378 
Proportion population over 64 years of age 0.0773 
New Zealand deprivation index score  0.0588 
Protozoa achievement for water distribution systems 0.0305 
Catchment geology 0.0105 
Sheep density 0.0056 
Dairy cattle density 0.0053 
Poultry density 0.0008 
Proportion population under 5 years of age 0.0008 
Catchment source of flow 0.0008 
Catchment landcover 0.0008 
Catchment climate 0.0008 
Proportion population female 0.0008 
Beef cattle density 0.0008 
River valley landform 0.0008 

 

Table 41. Ranking of cryptosporidiosis cluster risk factors 

Variable Importance 

Catchment source of flow 0.3253 
Median river E coli concentration 0.1864 
Dairy cattle density 0.1565 
Proportion population 5-64 years of age 0.1004 
New Zealand deprivation index score 0.0811 
Total population 0.0783 
Catchment climate 0.0575 
Catchment geology 0.0014 
Catchment landcover 0.0014 
River valley landform 0.0014 
Proportion population female 0.0014 
Proportion population over 64 years of age 0.0014 
Beef density 0.0014 
Sheep density 0.0014 
Proportion population under 5 years of age 0.0014 
Stream order 0.0014 
Protozoa achievement for water distribution systems 0.0014 

 

8.5 Discussion 

Median river E. coli concentration was one of the most important predictors for both 

campylobacteriosis and cryptosporidiosis clusters in New Zealand. E. coli concentration is an 

important indicator of faecal contamination and the risk of infection from waterborne pathogens 

(Snelder 2016). This suggests that waterborne transmission may be particularly important in the 
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development of campylobacteriosis and cryptosporidiosis clusters, despite indications that there is 

limited correlation between E. coli concentration and the presence of specific pathogens in 

environmental waters (Carter 1987, Savill 2001, Horman 2004, Dorner 2007, St-Pierre 2009).  

In New Zealand, a study that aimed to detect and identify Campylobacter spp. in river water, 

shallow groundwater, drinking water, and roof water only found a significant correlation between 

the concentration of total coliforms and Campylobacter jejuni in shallow groundwater (Savill 

2001). Significant correlations were not found between thermotolerant Campylobacter or 

individual Campylobacter species and E. coli or total coliforms in other water types (Savill 2001). 

Furthermore, Campylobacter were detected in 37% of samples where  E. coli was absent (Savill 

2001). However, a more recent large-scale freshwater microbiological study in New Zealand 

reported a moderate correlation between Campylobacter and E. coli (Till 2008). The same study 

was unable to determine whether there was a significant correlation between Cryptosporidium and 

E. coli in freshwaters in New Zealand, due to low detection levels of Cryptosporidium (Till 2008). 

Not only is there limited correlation between E. coli concentration and the presence of specific 

pathogens in freshwater, it is also difficult to link faecal indicator bacteria concentrations back to 

diffuse sources, especially in large watersheds with mixed land use (Verhougstraete 2015). Recent 

research has indicated that specific sources of faecal contamination cannot be identified using 

ubiquitous bacteria, such as E. coli (Verhougstraete 2015). Dairy cattle and other livestock are not 

the only potential source of faecal bacteria in rivers, septic systems can be a significant source of 

human faecal contamination to surface waters, especially under low flow conditions 

(Verhougstraete 2015). Additionally, sewage system leaks or wastewater treatment plant effluents 

can contribute to surface water contamination (Verhougstraete 2015). Furthermore, wild animals 

may also be an important source of faecal bacteria in some watersheds (Jokinen 2010).  

The lack of data available on other potential sources of faecal contamination, including other 

livestock and wildlife species, as well as sources of human faecal material, such as septic systems 

and wastewater treatment plant effluents, is a limitation of this study. However, while other 

animals, such as deer and goats, can be reservoirs for Campylobacter spp. (Rapp 2012, Pattis 

2017) and Cryptosporidium parvum (Xiao 2004), there are comparatively small numbers of deer 

and goats in New Zealand (Statistics New Zealand 2017) and they are unlikely to contribute 

significantly to the reservoir pool for these illnesses. Additionally, while wildlife has been 

acknowledged as a potential source of enteric pathogens (Fayer 2004, French 2009, Garcia-R 

2017), work on Campylobacter has shown that only a small proportion of human cases may be 

attributed to wildlife genotypes found in environmental water (Mullner 2009a). It would be useful 

to attempt to account for the impact of other sources of faecal contamination, such as septic 

systems, in future studies.  
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Environmental characteristics may also play an important role in the fate of microbial pathogens 

in a watershed, and catchment geology was an important predictor for campylobacteriosis clusters 

in New Zealand. Catchment geology was the only environmental characteristic, other than median 

E. coli concentration, to appear in the classification tree for campylobacteriosis clusters (Figure 

79). Specifically, after taking into account several population factors, river segments with 

predominantly alluvium, hard sedimentary, soft sedimentary, or volcanic basic geology were 

more likely to fall within a campylobacteriosis cluster, than river segments with plutonic, volcanic 

acidic, or miscellaneous geology.  

Geological attributes can influence pathogen transport, retention, and survival (Aislabie 2011). 

Specifically, soil type can influence both the surface and subsurface transport of pathogens and 

the infiltration of pathogens through the soil matrix and into groundwater (Bradford 2013). A 

study in New Zealand used microbial breakthrough curves generated through the application of 

dairy shed effluent followed by continuous artificial rainfall to examine microbial transport and 

survival through different soil classes (McLeod 2008). The study found that soils with a drainage 

impediment or with a highly developed structure (i.e. Gley, Ultic and Granular soils) had a high 

potential for microbial bypass flow, whereas soils that were highly porous and had a weakly 

developed structure (i.e. Allophanic and Pumice soils) had low potential for the bypass of 

microbes (McLeod 2008). Furthermore, the researchers estimated that 50% of the soils on the 

North Island and 45% of the soils on the South Island of New Zealand on slopes of less than 15 

degrees (i.e. lands more likely to be irrigated with dairy shed effluent) have high potential for 

microbial bypass flow (McLeod 2008). Additionally, long-term survival has been shown for some 

pathogenic and indicator bacteria in agricultural soils and Campylobacter jejuni is a normal 

inhabitant of soil environments and is expected to proliferate in-situ under favourable conditions 

(Bradford 2013).  

Climatic conditions (e.g. temperature, sunlight, precipitation), hydrological characteristics (e.g. 

flow, turbidity), and watershed landcover and land use have also been associated with the 

detection of Campylobacter spp. in freshwaters in New Zealand (Eyles 2003, Till 2008). In this 

study, CRT analysis indicated that catchment source of flow, landcover, climate, and river valley 

landform were important predictors for campylobacteriosis clusters, but they did not appear in the 

classification tree.  

Catchment source of flow was the most important predictor for cryptosporidiosis clusters in this 

study, and was the first splitting variable on the classification tree (Figure 80). Specifically, river 

segments for which the predominant catchment source of flow was either glacial mountain or low 

elevation were more likely to fall within a cryptosporidiosis cluster than river segments that had 

mountain, hill, or lake source of flow. Source of flow categories are based on the elevation within 
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which more than 50% of total annual rainfall occurs for a river reach and were assigned for the 

REC using topographic data (Snelder 2004). River segments in the glacial mountain category 

experience low flows in the winter and high spring flows that extend into summer (Snelder 2004). 

They also tend to exhibit high turbidity due to fine glacial sediment (Snelder 2004). By contrast, 

rivers with low elevation source of flow tend to have high flow in the winter and low flow in the 

summer (Snelder 2004). Such river reaches also tend to have a low sediment supply and stable, 

low-gradient, entrenched channels with low flow velocity and silty-sandy substrates (Snelder 

2004). While livestock production at lower elevations may contribute to the environmental 

transmission of Cryptosporidium spp., it is unclear why clusters of disease were more likely for 

river segments with glacial mountain source of flow. However, steeper catchments tend to have 

high intensity rainfall and runoff, as well as more intense erosion, and as a result higher sediment 

supply and flood frequency (Snelder 2004) and hydrological characteristics, such as river flow, 

may be important factors in the transmission of Cryptosporidium (Swaffer 2014, Brankston 

2018). However, as noted in Chapter 7, the relationship between river flow and human 

cryptosporidiosis cases remains unclear. Furthermore, while the REC variables delineate large-

scale patterns that discriminate differences in hydrological regimes, river flow variables were not 

explicitly included in these models. The REC defines hierarchical characteristics of river 

segments and their upstream catchments, but more detailed data on flow and other physical 

characteristics of rivers, such as the data available in the Department of Conservation's Freshwater 

Ecosystems of New Zealand (FENZ) database, may provide additional insights into how 

environmental characteristics influence infection risk.  

Catchment climate and geology were also important predictors for cryptosporidiosis clusters and 

appeared on the third level of the classification tree. Cryptosporidiosis has been positively 

associated with rainfall in New Zealand (Britton 2010, Lal 2015c), but evidence for the 

relationship between cryptosporidiosis and temperature is mixed (Lake 2008, Britton 2010, Lal 

2015c). With regard to catchment geology, cryptosporidium oocyst transport and survival may be 

influenced by soil type (Mawdsley 1996, Darnault 2017). Catchment landcover, river valley 

landform, and stream order were also important predictors for cryptosporidiosis clusters but did 

not appear on the classification tree.   

Sheep and dairy cattle density were important predictors for campylobacteriosis clusters, and both 

appeared in the classification tree. However, river segments with lower sheep or dairy cattle 

densities were more likely to fall within the bounds of a campylobacteriosis cluster than river 

segments with higher densities. The direction of the relationship between sheep and dairy cattle 

densities and campylobacteriosis clusters was unexpected. Dairy cattle density was also a very 

important predictor variable for cryptosporidiosis clusters and appeared high on the classification 
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tree. River segments with higher dairy cattle densities were more likely to fall within the bounds 

of a cryptosporidiosis cluster, as expected and in contrast to the campylobacteriosis CRT results. 

While livestock densities were important predictors for both models, it is possible that inter-

relationships between livestock densities and rurality may have influenced the model results 

because a measure of rurality was not included in the models. 

Several population variables, including the New Zealand deprivation index score, total 

population, and the proportion of the population 5-64 years of age, appeared on both sides of the 

classification tree for campylobacteriosis clusters after the first split. Similarly, several population 

variables, including the New Zealand deprivation index score and total population, appeared on 

both sides of the cryptosporidiosis classification tree. This could indicate a non-linear relationship 

between these explanatory variables and the dependent variable. Alternately, these variables may 

be more important in certain geographic areas. Future research should explore the potential 

interactions between local and larger scale environmental and social factors in order to better 

understand how they influence disease risk. 

While the methods employed in this chapter allowed for the exploration of relationships between 

potential environmental and social risk factors that exhibit spatial variation and the development 

of enteric disease clusters, potential temporal variations were not considered. Additional research 

is required to assess temporal associations between environmental and demographic risk factors 

and clusters of disease. 

It is also possible that the models suffer from missing explanatory variables. Environmental 

exposure is not the only infection pathway of concern. For example, Campylobacter is often 

transmitted through contaminated food in New Zealand (Spencer 2012, ESR 2018) and the 

inclusion of variables related to potential exposure to the retail food environment (e.g. Rind 2010) 

may have improved the model. 

Furthermore, studies have indicated that there are strain-specific seasonal cycles of transmission 

for campylobacteriosis (Friedrich 2016) and cryptosporidiosis (Lal 2015b, Garcia-R 2020) in New 

Zealand. However, as previously noted, strain specific data was not available for this study. The 

typing of all cases and outbreaks could help to refine the models developed as different strains 

may have different drivers and risk factors. For example, Cryptosporidium hominis cases have 

been linked to swimming pools in urban areas during the autumn (Learmonth 2004, Snel 2009a, 

Garcia-R 2020), while the Cryptosporidium parvum bovine genotype is prevalent in rural human 

cases in the spring in New Zealand (Learmonth 2004, Garcia-R 2020). The inclusion of typing 

data for cases and outbreaks would improve our understanding of transmission pathways and 

better enable the development of targeted disease control measures. 
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Finally, river segments were used in this study because they represented the smallest spatial unit 

for which data was collected and due to interest in the environmental transmission of 

Campylobacter spp. and Cryptosporidium spp. in New Zealand. However, there were concerns 

that because clusters were detected at the CAU level (see Chapter 7), the use of river segments 

resulted in the replication of outcome data. Therefore, the use of CAUs as the spatial unit may 

have provided more reliable results.  

8.5.1 Conclusions 

Overall, the results indicate that waterborne transmission may play an important role in outbreaks 

of enteric disease in New Zealand, because CRT analysis revealed that median river E. coli 

concentration was one of the most important predictors for both campylobacteriosis and 

cryptosporidiosis clusters. However, the differing roles of environmental factors, population 

characteristics, and livestock densities suggest distinct predominant pathogen sources and varied 

transmission routes for clusters of campylobacteriosis and cryptosporidiosis infections in New 

Zealand.  

In this chapter, Classification and Regression Tree (CRT) analysis was applied to analyse the 

relationship between detected campylobacteriosis and cryptosporidiosis disease clusters and 

potential risk factors. CRT methods are useful for dealing with heterogeneous data because they 

are typically simple and easy to use (Guan 2008) and can be used in a variety of contexts. 

However, they do not allow for the estimation of net effects of independent variables and it can be 

difficult to obtain probability levels or confidence intervals (Speybroeck 2012). Therefore, it may 

be useful to use CRT methods to complement other types of regression analysis (Speybroeck 

2012). Single regression trees can also suffer from high variance and are sensitive to outliers 

(Schiltz 2018). However, predictive performance can be substantially improved through the 

aggregation of information from multiple trees into ensembles (e.g. boosting), albeit at the cost of 

interpretability (Schiltz 2018). Therefore, boosted CRT models for clusters of campylobacteriosis 

and cryptosporidiosis were developed and are presented in Appendix H. However, the most 

important predictors for the boosted CRT models differed only slightly from the single CRT 

models.  

While risk factors for clusters of disease were analysed in this chapter, evidence indicates that the 

majority of campylobacteriosis and cryptosporidiosis cases in New Zealand are sporadic and are 

not associated with an outbreak event. Furthermore, the risk factors for sporadic cases may be 

different than the risk factors for outbreak cases of infectious diseases (Painter 2013, Ebel 2016). 

Therefore, potential risk factors for average seasonal campylobacteriosis and cryptosporidiosis 

notification rates were assessed separately in the next chapter.  
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Chapter 9 Analysis of Potential Risk Factors for Seasonal 

Campylobacteriosis and Cryptosporidiosis Notification Rates: 

Classification and Regression Trees 

"...the real determinants of disease mortality are the environment and 
the population, both of which are being 'doctored' daily, for better or 
for worse, by gun and axe, and by fire and plow (Leopold 1933)." 

9.1 Chapter Aims 

Aims were to (i) analyse potential environmental and social risk factors for seasonal 

campylobacteriosis and cryptosporidiosis notification rates and (ii) identify interactions between 

risk factors using classification and regression tree (CRT) analysis. 

9.2 Introduction 

Evidence suggests that environmental and social factors influence enteric disease patterns. A 

number of potential risk factors for clusters of campylobacteriosis and cryptosporidiosis 

infections in New Zealand were identified in Chapter 8, including climatic conditions, agricultural 

land use, and hydrological characteristics (Eyles 2003, Till 2008, Snel 2009b, Thorburn 2010, 

McBride 2011a, McBride 2011b, Spencer 2012, McBride 2014, Lal 2015c, Lal 2016). Studies 

have also reported that social factors, such as socioeconomic status and population demographics, 

are important risk factors for infectious enteric diseases (Snel 2009b, Thorburn 2010, Spencer 

2012, McBride 2014, Lal 2015c). 

As noted in Chapter 7, evidence indicates that the majority of campylobacteriosis and 

cryptosporidiosis cases in New Zealand are sporadic and not associated with an outbreak event. 

Chapter 8 identified potential risk factors for detected clusters of campylobacteriosis and 

cryptosporidiosis in New Zealand. However, the risk factors for sporadic cases may be different 

than the risk factors for outbreak cases of infectious diseases (Painter 2013, Ebel 2016). 

Therefore, potential risk factors for average seasonal campylobacteriosis and cryptosporidiosis 

notification rates were assessed separately in this chapter. Although both chapters use CRT 

techniques and similar independent variables, they assess different outcome variables. Risk 

factors for clusters of disease are assessed in Chapter 8, while risk factors for seasonal notification 

rates are assessed in this chapter.  

Previous studies have identified and assessed potential risk factors for campylobacteriosis and 

cryptosporidiosis in New Zealand using descriptive epidemiological methods (Baker 2007b, Snel 
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2009b, Thorburn 2010, Lal 2012b), time series analysis (Lal 2013b), and spatio-temporal 

modeling (Spencer 2012, Lal 2018). However, to the author’s knowledge, this is one of the first 

studies to explore the relationship between notifications of campylobacteriosis and 

cryptosporidiosis and potential risk factors in New Zealand using CRT techniques.  

9.3 Methods 

9.3.1 Data Collection 

Notified cases of campylobacteriosis and cryptosporidiosis from 1997 to 2015 in New Zealand 

were obtained from the National Notifiable Disease Surveillance system, which is maintained by 

the Institute of Environmental Science and Research (ESR). However, for the purposes of this 

chapter, cases of both campylobacteriosis and cryptosporidiosis were restricted to those that were 

reported from 2010 to 2015. As previously noted, restricting the data to those years allowed for 

the assessment of potential risk factors for campylobacteriosis infection after the implementation 

of several interventions in the poultry industry in 2006. Average seasonal case counts were 

calculated for campylobacteriosis and cryptosporidiosis by summing the notified cases for the 

corresponding months. Spring was defined as September to November, summer was defined as 

December to February, autumn was defined as March to May, and winter was defined as June to 

August. Average seasonal notification rates were then calculated for both diseases at the 

meshblock level by dividing the average seasonal case counts by the 2013 population. 

Livestock numbers, population estimates, New Zealand deprivation index scores, modelled 

median E. coli concentrations for river segments, 2010 River Environment Classification (REC) 

variables, and protozoa achievement for water distribution systems were collected as described in 

Chapter 8. 

The 2010 REC GIS layer was obtained from the Ministry for the Environment (MfE) and 

contained data on river segment climate, source-of-flow, geology, landcover, network position, 

and valley landform, as described in Chapter 7. Data were spatially linked at the river segment 

level using ArcGIS. Both the 2010 REC and modelled E. coli concentrations were provided at the 

river segment level and could be linked using a unique river segment identifier. As in Chapter 8, 

data that were provided or calculated at the meshblock (i.e. livestock densities, population 

estimates, socioeconomic deprivation, notification rates and seasonal indicator), as well as 

protozoa achievement for water distribution zones, were linked to river segments using the Spatial 

Join tool in ArcGIS. Specifically, if a river segment fell either partially or fully within a 

meshblock or water distribution zone, then the value associated with the corresponding small area 

was assigned to the river segment. If a river segment fell within multiple areas, then the mean of 

the values for the corresponding small areas was applied.  
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After the data were linked at the river segment level, the proportion of the population under the 

age of 5 years, and 5 years of age and older was calculated, along with the proportion of the 

population that was male versus female. Additionally, population estimates were divided by total 

catchment area for each river segment to calculate catchment population density. Variables of 

interest were then summarised for river reaches in New Zealand (Table 42). Categorical variables 

were specifically summarised by percentage of river length (Table 43). Several variables had 

missing data for some river reaches, primarily due to division by zero when proportions and 

densities were calculated. However, the CRT method handles missing data through the use of 

surrogate variables (Guan 2008, Speybroeck 2012) and therefore, no other method of handling 

missing data was employed for this analysis. 

9.3.2 Classification and Regression Tree (CRT) Models 

Nonparametric CRT models were used to explore the relationship among risk factors for 

campylobacteriosis and cryptosporidiosis notification rates. The CRT method is described in 

further detail in Chapter 8. The same input variables were used for both the campylobacteriosis 

and cryptosporidiosis regression trees, with the exception of poultry density, which was only used 

for the campylobacteriosis model because poultry is not considered a major host for 

Cryptosporidium hominis or Cryptosporidium parvum (Snel 2009b). The CRT models were 

developed using SPSS Statistics. The stopping rule was based on the minimum number of records 

in the parent branch and in the child branch, which were set at 100 and 50 records, respectively. 

Additionally, a maximum tree depth of five was specified. Ten-fold cross-validation was applied 

to avoid overfitting. SPSS Statistics does not allow for tree pruning when cross-validation is 

selected.  

9.4 Results 

Table 42. Baseline characteristics for river segments in New Zealand: continuous variables 

Explanatory Variables N  
(# of river 
segments) 

Mean SD 

Dairy Density* (animals/sq. km.) 2422216 31.611 1429.948 
Poultry Density* (animals/sq. km.) 2422216 348.741 154500.932 
Sheep Density* (animals/sq. km.) 2422216 351.814 34603.234 
Beef Density* (animals/sq. km.) 2422216 66.125 6892.386 
Catchment Population Density (humans/sq. m.) **  2421784 0.003 2.410 
Proportion of Population Under 5 Years of Age**  2084524 0.056 0.034 
Proportion of Population 5 Years of Age and Older**  2084524 0.723 0.265 
Proportion of Population Female** 2084524 0.466 0.063 
NZ Deprivation Index Score 2006 2422216 834.060 341.513 
Median E. coli Concentration (E. coli/100 mL; 
modelled) 2397312 124.343 152.417 
*Livestock densities calculated for 2014 
**Population variables are based on estimates from the 2013 National Census 
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Table 43. Baseline characteristics for river segments in New Zealand: categorical variables 

Explanatory Variables N             
(# of river 
segments) 

River Length 
(km) 

% of Total 
River 

Length 

Climate 
Cool, Dry 510432 468008.42 25.27 
Cool, Wet 776484 578743.11 31.25 
Cool, Extremely Wet 559757 371128.68 20.04 
Warm, Dry 135648 123059.95 6.65 
Warm, Wet 418236 294892.87 15.92 
Warm, Extremely Wet 21660 16009.50 0.86 
Source of Flow 

Glacial Mountain 64084 35942.37 1.94 
Mountain 397964 255226.52 13.78 
Hill 809528 599223.95 32.36 
Low Elevation 1088864 845719.39 45.67 
Lake 61776 115730.31 6.25 
Geology 

Alluvium 273276 258008.46 13.93 
Hard Sedimentary 948368 632894.48 34.18 
Soft Sedimentary 497732 355535.09 19.20 
Volcanic Basic 35048 24801.29 1.34 
Volcanic Acidic 389836 332907.29 17.98 
Plutonics 153212 99964.82 5.40 
Miscellaneous 124744 147731.11 7.98 
Landcover 

Bare Ground 152624 92316.50 4.99 
Indigenous Forest 577032 390732.07 21.10 
Scrub 128784 86100.86 4.65 
Tussock 377984 259937.14 14.04 
Pastoral 1020448 815683.01 44.05 
Exotic Forest 119624 89094.41 4.81 
Urban 25788 23309.70 1.26 
Wetland 3288 4155.95 0.22 
Miscellaneous 16644 90512.89 4.89 
Valley Landform 

Low-Gradient 874940 730189.60 39.43 
Medium-Gradient 295436 248643.84 13.43 
High-Gradient 1251840 873009.09 47.14 
Stream Order 

1 1223788 968767.74 52.31 
2 560788 433731.15 23.42 
3 310568 223199.64 12.05 
4 168608 116855.98 6.31 
5 85664 60629.28 3.27 
6 49336 32281.86 1.74 
7 20324 14361.23 0.78 
8 3140 2015.65 0.11 
Protozoa Achievement 

Yes 21248 21867.94 1.18 
No 78980 76572.10 4.13 
Unknown 29296 25744.62 1.39 
No Distribution System 2292692 1727657.87 93.29 

Total 2422216 1851842.54 
 
 

 

Approximately 67.3% of the variance was explained by the campylobacteriosis regression tree 

model. The first splitting variable on the regression tree for campylobacteriosis was the proportion 

of the population that was female (Figure 81). River segments with a corresponding proportion 

less than or equal to 0.4234 had a higher mean campylobacteriosis rate (Mean=160.97, 
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SD=879.76) than river segments with a higher proportion of females (Mean=91.31, SD=424.00). 

In the former group (node 1, Figure 81), the proportion of the population that was female was also 

the second splitting variable, and river segments with a corresponding proportion less than or 

equal to 0.4226 had a lower mean campylobacteriosis rate (Mean=113.74, SD=1120.23) than 

river segments with a corresponding proportion greater than 0.4226, but less than or equal to 

0.4234 (Mean=2829.58, SD=4602.49). For areas with a higher proportion of females (node 2, 

Figure 81), poultry density was the next splitting variable. Specifically, areas with a poultry 

density greater than 0.051 birds per square kilometre had a higher mean campylobacteriosis rate 

(Mean=107.28, SD=459.04) than areas with a lower poultry density (Mean=55.36, SD=329.10). 

Overall, the most important predictors for campylobacteriosis were beef cattle density, dairy cattle 

density, sheep density, catchment source of flow, the proportion of the population five years of 

age or older, poultry density, and the New Zealand deprivation index score, followed by 

catchment landcover and the proportion of the population that was female (Table 44).
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Figure 81. Regression tree of the risk factors for campylobacteriosis notification rates.



 359 

 

Only 32.7% of the variance was explained by the cryptosporidiosis regression tree model. The 

first splitting variable on the regression tree for cryptosporidiosis was season (Figure 82). The 

mean cryptosporidiosis rate was substantially higher in spring (Mean=44.60, SD=295.93) than in 

summer, autumn, or winter (Mean=7.11, SD=71.92). Across all seasons, the next splitting 

variable was beef cattle density. In the spring, the mean cryptosporidiosis rate was higher in areas 

where the beef cattle density was greater than 0.962 cows per square kilometre (Mean=59.55, 

SD=342.73) than in areas where beef cattle density was lower (Mean=2.88, SD=42.75). For 

summer, autumn, and winter, the mean cryptosporidiosis rate was higher for river segments with a 

corresponding beef cattle density greater than 0.44 cows/sq. km. (Mean=8.91, SD=80.48) than for 

river segments with a lower beef cattle density (Mean=0.10, SD=6.61). Overall, the most 

important predictors for cryptosporidiosis were beef cattle density, season, sheep density, 

proportion of the population under five years of age, and dairy cattle density (Table 45).
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Figure 82. Regression tree of the risk factors for cryptosporidiosis notification rates.
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Table 44. Ranking of campylobacteriosis risk factors 

Variables Importance Normalised 
Importance 

Beef cattle density 155288.444 100.0% 

Dairy cattle density 141453.138 91.1% 

Sheep density 141331.353 91.0% 

Catchment source of flow 94515.984 60.9% 

Proportion population over 5 years of age 81726.431 52.6% 

Poultry density 79867.814 51.4% 

New Zealand deprivation index score 71829.960 46.3% 

Catchment landcover 39535.186 25.5% 

Proportion population female 36909.924 23.8% 

Season 35665.476 23.0% 

Median river E. coli concentration 10892.440 7.0% 

Proportion population under 5 years of age 10376.673 6.7% 

Catchment geology 7187.628 4.6% 

Catchment climate 7022.295 4.5% 

Catchment population density 6960.273 4.5% 

Stream order 1012.887 0.7% 

Protozoa achievement for water distribution systems 149.197 0.1% 

 

Table 45. Ranking of cryptosporidiosis risk factors 

Variables Importance Normalised 
Importance 

Beef cattle density 7728.535 100.0% 

Season 531.471 6.9% 

Sheep density 285.101 3.7% 

Proportion population under 5 years of age 213.305 2.8% 

Dairy cattle density 200.260 2.6% 

Proportion population over 5 years of age  169.263 2.2% 

New Zealand deprivation index score 153.312 2.0% 

Catchment population density  87.769 1.1% 

Catchment geology 65.997 0.9% 

Catchment climate 30.238 0.4% 

Catchment landcover 20.660 0.3% 

Catchment source of flow 17.162 0.2% 

Median river E. coli concentration 16.167 0.2% 

Protozoa achievement for water distribution systems 2.843 0.0% 

River valley landform 1.741 0.0% 

Stream order 1.091 0.0% 

 

9.5 Discussion 

Overall, beef cattle density was the most important predictor variable for both campylobacteriosis 

and cryptosporidiosis (Table 44, Table 45). Dairy cattle density and sheep density were also 

important predictors for both diseases. Additionally, poultry density was an important predictor 

for campylobacteriosis. Cattle, sheep, and poultry have been identified as potentially important 
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reservoirs for campylobacteriosis in New Zealand (Grinberg 2005, Mullner 2009b, Moriarty 

2011, Spencer 2012, Nohra 2016). However, a retrospective analysis of campylobacteriosis 

notifications from 2001 to 2007 in selected regions of New Zealand with different levels of 

rurality, found differences in the role of livestock densities across regions (Spencer 2012). 

Specifically, beef cattle density was not a significant risk factor in any of the regions examined, 

while dairy cattle density was a significant risk factor in more rural areas (Spencer 2012). Sheep 

density was only a significant predictor for campylobacteriosis notification in a region with mixed 

rurality (Spencer 2012). Additionally, the distance to the nearest large poultry farm (>1000 birds), 

was a significant predictor in more rural areas, but inconsistent effects were noted between 

regions (Spencer 2012). Previous studies have also suggested that cattle and sheep densities may 

be important risk factors for cryptosporidiosis (Snel 2009b, Thorburn 2010, Cowie 2013, Lal 

2016). The livestock density variables appeared in both regression trees multiple times and 

frequently on opposite sides of the tree. This may suggest an interaction between livestock 

densities and other variables (e.g. season) or a non-linear relationship between livestock densities 

and notification rates for campylobacteriosis and cryptosporidiosis. Livestock densities may also 

be more important in certain geographic areas. Alternately, it is possible that inter-relationships 

between livestock densities and rurality may have influenced the model results because a measure 

of rurality was not included in the models. 

Season was also an important predictor for both diseases. Season was the primary splitting 

variable on the cryptosporidiosis regression tree and mean notification rates were substantially 

higher in spring than in the other seasons (Mean=44.60 versus Mean=7.11). This result is in line 

with the existing literature on cryptosporidiosis epidemiology in New Zealand and with the work 

completed in Chapter 6; cryptosporidiosis notifications tend to peak in the spring in New Zealand, 

especially in rural areas (Snel 2009b, Lal 2016). Season was also an important predictor for 

campylobacteriosis notification rates and appeared in multiple locations on the regression tree. 

Mean campylobacteriosis rates were often higher in spring and/or summer, although there was 

considerable variation between nodes that were split by season on the campylobacteriosis 

regression tree. This finding is also in line with the results described in Chapter 6, where it was 

reported that campylobacteriosis notifications in areas with no dairy showed a summer peak, 

while areas with low, medium, and high dairy cattle densities displayed a spring peak in addition 

to elevated summer rates. Previous studies have also reported that campylobacteriosis rates tend 

to be higher in the summer in New Zealand (Spencer 2012), although the seasonal peak in New 

Zealand is more variable than in other countries (Nylen 2002).  

Catchment source of flow and landcover were also important predictors for campylobacteriosis 

notification rates. Catchment landcover appeared on the fourth level of the regression tree. 
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However, catchment source of flow did not appear on the regression tree, despite having a high 

importance score. Catchment climate and landcover were important predictors for 

cryptosporidiosis notification rates that appeared on lower levels of the regression tree. As 

discussed in Chapter 8, environmental characteristics such as catchment climate, source of flow, 

geology, and landcover can influence pathogen fate and transport in the environment and may 

contribute to the environmental transmission of Campylobacter spp. and Cryptosporidium spp., 

but more research is required to better understand how both local and large-scale environmental 

factors influence disease risk. 

The proportion of the population that was female was an important predictor variable for 

campylobacteriosis rates. This finding was in line with previous epidemiological studies, which 

have reported significantly higher campylobacteriosis incidence rates in males than in females in 

New Zealand (Baker 2007b, Rind 2010, Spencer 2012). Not only was the proportion of females 

the first splitting variable on the regression tree, it also appeared multiple times on both sides of 

the tree after the first split. It is possible that the variable interacts with other predictor variables, 

such as livestock densities, which appeared above and/or below the variable on the regression 

tree. The variable may also have a non-linear relationship with campylobacteriosis notification 

rates. The proportion of the population under five years of age, catchment population density, and 

New Zealand deprivation index score were also important predictor variables for 

campylobacteriosis rates and appeared on the regression tree. However, these variables only 

appeared on the right side of the tree, suggesting less complex interactions with other predictor 

variables.  

Age was the only population characteristic that appeared on the cryptosporidiosis regression tree. 

The proportion of the population under five years of age appeared on the right side of the tree 

after the first split, while the proportion of the population five years of age or older appeared on 

the left side of the tree. Previous studies have reported higher rates of cryptosporidiosis in 

children in New Zealand (Snel 2009b, Lal 2016) and specifically a greater risk of illness in has 

been reported in children under five years of age with increasing dairy cattle densities in New 

Zealand (Lal 2016). Therefore, age was expected to be an important predictor variable for 

cryptosporidiosis. Catchment population density and deprivation index score were also important 

predictor variables for cryptosporidiosis rates (Table 45), but they did not appear on the 

regression tree.  

9.5.1 Comparing CRT Models 

When the most important variables for CRT models of average seasonal campylobacteriosis and 

cryptosporidiosis notification rates were compared to the most important variables for CRT 
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models of clusters of campylobacteriosis and cryptosporidiosis (Chapter 8), it became apparent 

that livestock densities were important predictors for each CRT model. Dairy cattle density, beef 

cattle density, and sheep density were important predictors in all CRT models, and poultry density 

was important in both campylobacteriosis CRT models. It is possible that inter-relationships 

between livestock densities and rurality may have influenced the ranking of the livestock density 

variables, because a measure of rurality was not included in these models. However, overall, the 

importance of livestock densities across all CRT models suggests that livestock production 

impacts human infection risk. 

Deprivation index score was also an important variable across all four CRT models. Additionally, 

at least one age variable was important in each CRT model, despite being coded slightly 

differently for the CRT models of disease clusters than for the CRT models of disease notification 

rates. With regard to environmental characteristics, median river E. coli concentration, catchment 

climate, source of flow, geology, and landcover were also important variables across all four CRT 

models. Despite these similarities, the final CRT models and ranking of important variables 

differed substantially, both between diseases and between clusters and average seasonal 

notifications. Overall, the findings suggest that interactions between environmental and social 

factors at various spatial scales may result in distinct pathogen sources and transmission pathways 

for sporadic and clustered cases of campylobacteriosis and cryptosporidiosis in New Zealand. 

9.5.2 Limitations and Way Forward 

As noted in Chapter 5 (see section 5.5.1), there are considerable limitations of using passive 

surveillance data to assess disease distribution, including underreporting, notification bias, and the 

misallocation of cases to geographic areas. The use of report date for notifications may also have 

influenced analyses in this study. It is likely that the use of onset date would have improved the 

results slightly, because onset date is closer to the time that infection was acquired. 

Many of the limitations noted in Chapter 8 are also applicable to this study (for more detail see 

section 8.5). Specifically, the lack of data available on other potential sources of faecal 

contamination, including other livestock and wildlife species, as well as sources of human faecal 

material, such as septic systems and wastewater treatment plant effluents, is a limitation of this 

study. Additionally, while the REC variables delineate large-scale patterns that discriminate 

differences in hydrological regimes, river flow variables were not explicitly included in these 

models. It is also possible that the models suffer from missing explanatory variables, including 

those related to foodborne, occupational, and person-to-person transmission pathways. 

Furthermore, strain specific data was not available for this study. 
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As noted in Chapter 8 (see section 8.5), single regression trees often suffer from high variance and 

are sensitive to outliers (Schiltz 2018). However, predictive performance can be substantially 

improved through the aggregation of information from multiple trees into ensembles (e.g. 

boosting) (Schiltz 2018). Therefore, boosted CRT models for sporadic notifications of 

campylobacteriosis and cryptosporidiosis were developed and are presented in Appendix H. The 

most important predictors for the boosted CRT models differed only slightly from the single CRT 

models.  

CRT methods also do not allow for the estimation of net effects of independent variables and it 

can be difficult to obtain probability levels or confidence intervals (Speybroeck 2012). Therefore, 

the CRT results from this study, as well as the boosted CRT models in Appendix H, were used to 

inform the development of generalized linear models with interaction terms for the complex 

relationships between variables. The generalized linear models for seasonal rates of 

campylobacteriosis and cryptosporidiosis are presented in Chapter 10.  
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Chapter 10 Analysis of Risk Factors for Campylobacteriosis 

and Cryptosporidiosis in New Zealand: Generalized Linear 

Models 

“Models are useful distillations of reality. Although wrong by 

definition, they are the wind that blows away the fog and cuts through 

the untamed masses of data to let us see answers to our questions 

(Keller 2006 pg. 97)” 

10.1 Chapter Aims 

The aims were to (i) model the historical relationship between agricultural land use, demographic 

and environmental variables, and seasonal campylobacteriosis and cryptosporidiosis notifications 

in New Zealand from 2010-2015 at the river segment level, and (ii) estimate incidence rate ratios 

to provide a measure of the strength of the associations between risk factors and seasonal 

campylobacteriosis and cryptosporidiosis notifications.  

10.2 Introduction 

Important predictors for seasonal campylobacteriosis and cryptosporidiosis notification rates were 

identified in Chapter 9 using classification and regression tree (CRT) analysis. In addition, 

boosted CRT models were developed (Appendix H) in order to improve predictive performance. 

However, CRT models do not easily allow for the estimation of net effects of independent 

variables and it can be difficult to obtain probability levels or confidence intervals, because the 

method subdivides the data into binary groups based on only one value of a single explanatory 

variable (Speybroeck 2012). Therefore, the CRT results were used to inform the development of 

Poisson generalized linear models for seasonal notifications of campylobacteriosis and 

cryptosporidiosis in New Zealand. The CRT models were also used to identify potential 

interactions between predictors and informed the inclusion of interaction terms in the models. 

CRT methods have been used extensively in the public health field in epidemiological studies 

(section 8.3.3) and a number of studies have combined CRT and multivariate methods in order to 

provide a more accurate and dynamic assessment of the risk factors for infectious diseases (e.g. 

Thang 2008, Kloos 2009, Gazzinelli 2017). Specifically, CRT analysis can express the 

relationship between variables in a more flexible manner, because it does not require the 

relationship to be linear or additive, while multivariate analysis allows for the quantification of 

the net effects of independent variables (Thang 2008, Speybroeck 2012). The combination of 
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these methods can lead to a more refined understanding of the importance and interaction between 

risk factors (Thang 2008, Speybroeck 2012).  

In this study, Poisson generalized linear models were used to examine the relationship between 

agricultural land use, demographic and environmental variables, and seasonal campylobacteriosis 

and cryptosporidiosis notifications in New Zealand from 2010-2015 at the river segment level. 

River segments were used in this analysis, as well as in Chapters 8 and 9, because they 

represented the smallest spatial unit for which data was collected. It is held as a general rule of 

practice that the analysis of areal data should be completed using the smallest spatial units for 

which data are available in order to avoid statistical bias effects, such as the modifiable areal unit 

problem (Pfeiffer 2008). 

Additionally, river segments were used due to interest in the environmental transmission of 

Campylobacter spp. and Cryptosporidium spp. in New Zealand. As discussed in previous 

chapters, environmental characteristics such as catchment climate, source of flow, geology, and 

landcover can influence pathogen fate and transport in the environment and may contribute to the 

environmental transmission of these pathogens. Evidence suggests that the environmental 

transmission of zoonotic enteric diseases may be particularly important in rural areas in New 

Zealand (Mullner 2010b, Thorburn 2010, Lal 2012a, Spencer 2012, Jaros 2013). Specifically, 

waterborne transmission of zoonotic enteric pathogens through contact with contaminated 

recreational waters or through the consumption of contaminated drinking water is of particular 

concern in areas with high dairy cattle densities (Thorburn 2010, Sing 2015).  

10.3 Methods 

10.3.1 Data Collection 

Notified cases of campylobacteriosis and cryptosporidiosis from 2010 to 2015 in New Zealand 

were extracted from the dataset and were aggregated by season. As in previous chapters, spring 

was defined as September to November, summer was defined as December to February, autumn 

was defined as March to May, and winter was defined as June to August. Total seasonal case 

counts were then linked at the river segment level. 

Livestock numbers; population estimates; New Zealand deprivation index scores; modelled 

median E. coli concentrations for river segments; 2010 River Environment Classification (REC) 

variables (e.g. climate, source of flow, geology, stream order); and protozoa achievement for 

water distribution systems were collected as described in Chapter 8. As previously noted, 

variables were spatially linked at the river segment level using the Spatial Join tool in ArcGIS. 

Specifically, if a river segment fell either partially or fully within an area, then the values 
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associated with the corresponding small area was assigned to the river segment. If a river segment 

fell within multiple areas, then the mean value was applied. 

The variables included in each model were informed by the results of CRT analyses presented in 

Chapter 9, as well as the results of boosted CRT models presented in Appendix H. Variables 

included in the campylobacteriosis model are listed in Table 46. Variables included in the 

cryptosporidiosis model are listed in Table 47. 

Table 46. Variables included in the Poisson generalized linear model for seasonal 
notifications of campylobacteriosis in New Zealand, 2010-2015 

Variables 
Catchment climate 

Catchment geology 

Catchment landcover 

Protozoa achievement for water distribution systems 

Season 

Dairy cattle density 

Beef cattle density 

Sheep density 

Poultry density 

Proportion population female 

Proportion population under 5 years of age 

Interaction: dairy cattle density & season 

Interaction: beef cattle density & season 

Interaction: sheep density & season 

Interaction: poultry density & season 

Interaction: dairy cattle density & proportion population female 

Interaction: beef cattle density & proportion population female 

Interaction: sheep density & proportion population female 

Interaction: poultry density & proportion population female 

Interaction: dairy cattle density & proportion population under 5 years of age 

Interaction: beef cattle density & proportion population under 5 years of age 

Interaction: sheep density & proportion population under 5 years of age 

Interaction: poultry density & proportion population under 5 years of age 
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Table 47. Variables included in the Poisson generalized linear model for seasonal 
notifications of cryptosporidiosis in New Zealand, 2010-2015 

Variables 
Catchment climate 

Catchment source of flow 

Catchment landcover 

Season 

Dairy cattle density 

Beef cattle density 

Sheep density 

Proportion population under 5 years of age 

New Zealand deprivation index score 

Interaction: dairy cattle density & season 

Interaction: beef cattle density & season 

Interaction: sheep density & season 

Interaction: dairy cattle density & proportion population under 5 years of age 

Interaction: beef cattle density & proportion population under 5 years of age 

Interaction: sheep density & proportion population under 5 years of age 

Interaction: dairy cattle density & New Zealand deprivation index score 

Interaction: beef cattle density & New Zealand deprivation index score 

Interaction: sheep density & New Zealand deprivation index score 

 

Attempts were made to categorise livestock density variables based on splits in the regression tree 

models developed in Chapter 9. However, the generalized linear models performed best when the 

continuous variables were split into fewer categories. Therefore, livestock densities, as well as 

continuous population variables (e.g. proportion of the population under five years of age, New 

Zealand deprivation index score), were split at the median into high and low categories. 

10.3.2 Modeling Seasonal Notifications 

Multivariate Poisson generalized linear models were developed for seasonal notifications of 

campylobacteriosis and cryptosporidiosis from 2010 to 2015 in New Zealand.  

The Poisson distribution has the probability function expressed in Equation 10.1: 

Equation 10.1 

 

where the mean µ is greater than zero and y = 0, 1, 2, … (Dunn 2018b).  

 

For the models developed in this chapter the logarithmic link function was used, which ensures 

that expected counts are greater than zero (μ > 0) and enables the regression parameters to be 
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interpreted as having multiplicative effects (Dunn 2018b). The general form of a Poisson 

generalized linear model, using a log-link function is expressed below in Equation 10.2 (Dunn 

2018b).  

Equation 10.2   

 

The 2013 population was used as an offset for the models to account for differing population 

sizes. The offset variable was calculated using Equation 10.3, below. 

Equation 10.3 

Ln	(2013	Population	+	0.5)	

An additional 0.5 was added to the population estimates, because there were a number of areas 

where the population was zero and the natural log of zero is undefined. 

To verify goodness-of-fit for the models, residual plots were examined, and goodness-of-fit 

statistics were calculated. Incidence rate ratios (IRRs) were calculated by exponentiating the 

Poisson regression coefficients.  

Spatial autocorrelation of model residuals was examined by developing spatial empirical 

variograms for random samples of model residuals (n=500). Specifically, variograms were 

developed for both standardised Pearson and standardised deviance residuals. However, the 

variograms for both sets of residuals looked similar. Therefore, only the results for the 

standardised Pearson residuals are presented in this chapter.  

Spatial empirical variograms were generated using both classical and modulus estimators. The 

classical estimator is based on the mean variance, while the modulus estimator is based on the 

median variance and should be more resistant to bias than the classical estimator (Cressie 1993). 

The spatial variograms that were developed were omnidirectional (i.e. only the distance between 

location pairs was taken into account, and not the angle). 

In order to obtain a measure of uncertainty, the spatial empirical variograms were compared to 

envelopes that were computed based on 99 random permutations of the data across locations. 

Specifically, the envelopes were built under the assumption of no spatial correlation, and the 

residuals can be judged to have spatial dependence if the spatial empirical variogram shows more 
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spatial structure than the randomly permuted data (i.e. spatial empirical variogram ordinates that 

fall outside the envelope bounds indicate significant autocorrelation) (Brown 2004). The analysis 

was done using the R package geoR (Ribiero Jr. 2001). 

All other analyses were implemented in SPSS Statistics.  

10.4 Results 

10.4.1 Campylobacteriosis 

For campylobacteriosis, river segments with high sheep and poultry density showed a greater risk 

of reported illness than areas with low densities, while areas with high dairy and beef cattle 

densities had lower risk than areas with low densities (Table 48).  

However, livestock density variables showed significant interactions with season and population 

variables in the model. Specifically, river segments with high dairy cattle densities had higher 

incidence rate ratios (IRRs) in the winter, summer, and spring (Figure 83). River segments with 

high beef cattle densities also had higher IRRs in the winter and spring (Figure 84). By contrast, 

river segments with high sheep densities had but lower IRRs in winter, summer, and spring than 

the baseline category of low sheep density in autumn (Figure 85). River segments with high 

poultry density had higher IRRs in winter and summer (Figure 86).  
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Table 48. Retrospective multivariate modeling for campylobacteriosis notifications in New 
Zealand from 2010 to 20151  

Independent 
Variable (xi) 

Categories Model 
Coefficient 

(b) 

Incidence Rate Ratio 
(eb) (95% CI) 

Catchment Climate Warm & Extremely Wet -0.034 0.967 (0.935, 0.999)* 

Warm & Wet  0.105 1.111 (1.101, 1.122)** 

Warm & Dry  -0.074 0.929 (0.918, 0.940)** 

Cool & Extremely Wet  0.703 2.020 (2.000, 2.040)** 

Cool & Wet  0.271 1.311 (1.301, 1.322)** 

Cool & Dry  reference - 

Catchment Geology Volcanic Basic  -0.802 0.448 (0.436, 0.461)** 

Volcanic Acidic -0.341 0.711 (0.703, 0.718)** 

Soft Sedimentary  -0.499 0.607 (0.601, 0.613)** 

Plutonics  -1.167 0.311 (0.305, 0.319)** 

Miscellaneous -0.207 0.813 (0.803, 0.824)** 

Hard Sedimentary -0.158 0.854 (0.847, 0.862)** 

Alluvium  reference - 

Catchment 

Landcover 

Wetland  -0.221 0.802 (0.754, 0.852)** 

Urban  -0.511 0.600 (0.580, 0.621)** 

Tussock 0.013 1.013 (1.002, 1.025)* 

Scrub  -0.071 0.931 (0.919, 0.945)** 

Pastoral  -0.248 0.780 (0.770, 0.791)** 

Miscellaneous  -2.455 0.086 (0.077, 0.096)** 

Indigenous Forest  -0.591 0.554 (0.547, 0.56)** 

Exotic Forest  -0.214 0.807 (0.795, 0.820)** 

Bare Ground reference - 

Protozoa 

Achievement 2013 

No Water Distribution System 0.158 1.171 (1.133, 1.210)** 

Unknown 0.826 2.284 (2.201, 2.368)** 

Non-compliant 0.403 1.496 (1.445, 1.548)** 

Compliant reference - 

Season Winter -0.287 0.751 (0.736, 0.766)** 

Summer 0.235 1.265 (1.244, 1.288)** 

Spring 0.796 2.217 (2.181, 2.252)** 

Autumn reference - 

Dairy Cattle 

Density 

High Density -1.528 0.217 (0.214, 0.221)** 

Low Density reference - 

Beef Cattle Density High Density -1.690 0.185 (0.181, 0.188)** 

Low Density reference - 

Sheep Density High Density 0.887 2.428 (2.387, 2.472)** 

Low Density reference - 

Poultry Density High Density 1.111 3.037 (2.983, 3.093)** 

Low Density reference - 

Proportion of 

Population Female 

High Proportion -1.410 0.244 (0.241, 0.248)** 

Low Proportion reference - 

Proportion of 

Population Aged <5 

Years  

High Proportion -1.000 0.368 (0.363, 0.373)** 

Low Proportion reference - 

Interaction Dairy 

Cattle Density and 

Season 

High Dairy Density & Winter 0.345 1.411 (1.384, 1.439)** 

High Dairy Density & Summer 0.066 1.068 (1.050, 1.087)** 

High Dairy Density & Spring 0.455 1.576 (1.550, 1.603)** 

High Dairy Density & Autumn 0
a
 - 

Low Dairy Density & Winter 0
a
 - 

Low Dairy Density & Summer 0
a
 - 

Low Dairy Density & Spring 0
a
 - 

Low Dairy Density & Autumn reference - 

Interaction Beef 

Cattle Density and 

Season 

High Beef Density & Winter 0.021 1.021 (0.999, 1.044) 

High Beef Density & Summer -0.051 0.950 (0.932, 0.969)** 

High Beef Density & Spring 0.050 1.051 (1.031, 1.073)** 

High Beef Density & Autumn 0
a
 - 

Low Beef Density & Winter 0
a
 - 

Low Beef Density & Summer 0
a
 - 

Low Beef Density & Spring 0
a
 - 

Low Beef Density & Autumn reference - 

table continued on next page... 
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Independent 
Variable (xi) 

Categories Model 
Coefficient 
(b) 

Incidence Rate Ratio 
(eb) (95% CI) 

Interaction Sheep 

Density and Season 

High Sheep Density & Winter -0.141 0.868 (0.851, 0.886)** 

High Sheep Density & Summer -0.027 0.973 (0.956, 0.991)* 

High Sheep Density & Spring -0.295 0.745 (0.732, 0.758)** 

High Sheep Density & Autumn 0
a
 - 

Low Sheep Density & Winter 0
a
 - 

Low Sheep Density & Summer 0
a
 - 

Low Sheep Density & Spring 0
a
 - 

Low Sheep Density & Autumn reference - 

Interaction Poultry 

Density and Season 

High Poultry Density & Winter 0.093 1.097 (1.073, 1.124)** 

High Poultry Density & Summer 0.213 1.237 (1.212, 1.264)** 

High Poultry Density & Spring -0.483 0.617 (0.605, 0.629)** 

High Poultry Density & Autumn 0
a
 - 

Low Poultry Density & Winter 0
a
 - 

Low Poultry Density & Summer 0
a
 - 

Low Poultry Density & Spring 0
a
 - 

Low Poultry Density & Autumn reference - 

Interaction Dairy 

Cattle Density and 

Proportion of 

Population Female 

High Dairy Density & High Proportion Female 0.926 2.524 (2.492, 2.555)** 

High Dairy Density & Low Proportion Female 0
a
 - 

Low Dairy Density & High Proportion Female 0
a
 - 

Low Dairy Density & Low Proportion Female reference - 

Interaction Beef 

Cattle Density and 

Proportion of 

Population Female 

High Beef Density & High Proportion Female 1.342 3.827 (3.773, 3.885)** 

High Beef Density & Low Proportion Female 0
a
 - 

Low Beef Density & High Proportion Female 0
a
 - 

Low Beef Density & Low Proportion Female reference - 

Interaction Sheep 

Density and 

Proportion of 

Population Female 

High Sheep Density & High Proportion Female -0.565 0.568 (0.561, 0.576)** 

High Sheep Density & Low Proportion Female 0
a
 - 

Low Sheep Density & High Proportion Female 0
a
 - 

Low Sheep Density & Low Proportion Female reference - 

Interaction Poultry 

Density and 

Proportion of 

Population Female 

High Poultry Density & High Proportion Female 0.022 1.022 (1.007, 1.038)* 

High Poultry Density & Low Proportion Female 0
a
 - 

Low Poultry Density & High Proportion Female 0
a
 - 

Low Poultry Density & Low Proportion Female reference - 

Interaction Dairy 

Cattle Density and 

Proportion of 

Population Aged <5 

Years 

High Dairy Density & High Proportion Aged <5 Years 1.122 3.071 (3.031, 3.111)** 

High Dairy Density & Low Proportion Aged <5 Years 0
a
 - 

Low Dairy Density & High Proportion Aged <5 Years 0
a
 - 

Low Dairy Density & Low Proportion Aged <5 Years reference - 

Interaction Beef 

Cattle Density and 

Proportion of 

Population Aged <5 

Years 

High Beef Density & High Proportion Aged <5 Years 0.978 2.659 (2.620, 2.697)** 

High Beef Density & Low Proportion Aged <5 Years 0
a
 - 

Low Beef Density & High Proportion Aged <5 Years 0
a
 - 

Low Beef Density & Low Proportion Aged <5 Years reference - 

Interaction Sheep 

Density and 

Proportion of 

Population Aged <5 

Years 

High Sheep Density & High Proportion Aged <5 Years -0.083 0.920 (0.908, 0.932)** 

High Sheep Density & Low Proportion Aged <5 Years 0
a
 - 

Low Sheep Density & High Proportion Aged <5 Years 0
a
 - 

Low Sheep Density & Low Proportion Aged <5 Years reference - 

Interaction Poultry 

Density and 

Proportion of 

Population Aged <5 

Years 

High Poultry Density & High Proportion Aged <5 Years -0.626 0.535 (0.527, 0.543)** 

High Poultry Density & Low Proportion Aged <5 Years 0
a
 - 

Low Poultry Density & High Proportion Aged <5 Years 0
a 

- 

Low Poultry Density & Low Proportion Aged <5 Years reference - 

 (Scale) 1
b
 - 

1
 For each independent variable (xi), its associated coefficient estimate (b), the expected change in the  notified cases (e

b
) 

with the corresponding 95% confidence interval, and level of significance. The baseline or reference values are presented as 

the final category for each independent variable. Reference categories were automatically defined. 

a Set to zero because this parameter is redundant 

b Fixed at the displayed value 

*p<0.05 

**p<0.001 
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Figure 83. Significant incidence rate ratios of campylobacteriosis notifications for river 
segments by categories of dairy cattle density and season compared with the reference 

category. Error bars represent 95% confidence intervals. 

 
Figure 84. Significant incidence rate ratios of campylobacteriosis notifications for river 
segments by categories of beef cattle density and season compared with the reference 

category. Error bars represent 95% confidence intervals. 
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Figure 85. Significant incidence rate ratios of campylobacteriosis notifications for river 

segments by categories of sheep density and season compared with the reference category. 
Error bars represent 95% confidence intervals. 

 
Figure 86. Significant incidence rate ratios of campylobacteriosis notifications for river 

segments by categories of poultry density and season compared with the reference category. 
Error bars represent 95% confidence intervals. 
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Significant interactions between livestock density variables and the proportion of the population 

that was female and the proportion of the population under five years of age were also noted in 

the campylobacteriosis model. River segments with a higher proportion of females had a lower 

risk of campylobacteriosis notification. However, when the interaction between the proportion of 

the population that was female and livestock densities was analysed, river segments with high 

dairy, beef, and poultry densities and a high proportion of the population that was female had 

significantly higher IRRs than areas with low densities and a low proportion of females.  

With regard to the interaction between livestock densities and the proportion of the population 

under five years of age, river segments with high dairy and beef cattle densities and a high 

proportion of children under five had significantly higher IRRs than the reference category. 

However, river segments with high sheep and poultry densities and a high proportion of children 

under five had lower IRRs than the reference category. 

A number of environmental characteristics also influence risk of campylobacteriosis notification. 

Specifically, risk of notification was higher for river segments with a cool and extremely wet 

catchment climate; alluvial geology; tussock landcover; and for drinking water distribution 

systems that did not achieve protozoa compliance, had unknown protozoa compliance status, or 

did not have a distribution system. Higher IRRs were also observed for spring and summer when 

observing the main effect for season; the risk for notification was highest in the spring. 

Figure 87 shows variograms for a random sample of standardised Pearson residuals from the 

campylobacteriosis model. Figure 88 and Figure 89 show the binned empirical variograms 

generated with classical and modulus estimators, respectively, along with permutation envelopes. 

If the residuals were spatially structured, an upward trend on the variogram would be expected, 

with ordinates to the left of the plot falling below the lower confidence bound. If spatial effects 

were not important, the variogram ordinates should be flat and lie within the confidence bounds. 

The different widths of the confidence region were due to the different number of points at 

different distances of spatial separation. The permutation envelopes were widest at distances with 

fewer data pairs.  
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Figure 87. Empirical spatial variograms for random sample (n=500) of campylobacteriosis 
generalized linear model standardised Pearson residuals. Top, left to right: (i) variogram 

cloud generated with classical estimator, and (ii) variogram cloud generated with modulus 
estimator. Bottom, left to right: (iii) binned variogram generated with classical estimator, 

and (iv) binned variogram developed with modulus estimator. Distance is in meters. 

 
Figure 88. Binned empirical spatial variogram for random sample (n=500) of 

campylobacteriosis generalized linear model standardised Pearson residuals generated with 
classical estimator and compared to the permutation-based confidence region (between the 

two dotted lines). Distance is in meters.  
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Figure 89. Binned empirical spatial variogram for random sample (n=500) of 

campylobacteriosis generalized linear model standardised Pearson residuals generated with 
modulus estimator and compared to the permutation-based confidence region (between the 

two dotted lines). Distance is in meters. 

The variogram that was generated with a classical estimator (Figure 88) did not exhibit an upward 

trend and all of the variogram ordinates fell within the confidence region. For the variogram that 

was generated with a modulus estimator (Figure 89), an upward trend was visible for distances 

less than 10 kilometres (i.e. less than 10,000 meters). Additionally, the left-most variogram 

ordinate fell on or just below the lower confidence limit (i.e. the lower dotted line on the plot), 

suggesting spatial autocorrelation at very short ranges, with borderline significance. 

10.4.2 Cryptosporidiosis 

For cryptosporidiosis, river segments with high sheep densities had a greater risk for reported 

illness than areas with lower densities, while river segments with high dairy and beef cattle 

densities had lower risk than areas with low cattle density (Table 49). However, livestock density 

variables showed significant interactions with season and population variables in the model. 

Specifically, river segments with high dairy cattle densities showed increased IRRs in winter and 

spring, and a lower IRR in summer, as compared to the reference category (Figure 90). River 

segments with high beef cattle densities and high sheep densities had lower IRRs from winter 

through summer, as compared to river segments with low densities in the autumn (Figure 91 and 

Figure 92, respectively).  

 



 380 

Table 49. Retrospective multivariate modeling for cryptosporidiosis notifications in New 
Zealand from 2010 to 20151 

Independent Variable 
(xi) 

Categories Model 
Coefficient 

(b) 

Incidence Rate Ratio 
(eb) (95% CI) 

Catchment Climate Warm & Extremely Wet -0.458 0.633 (0.575, 0.697)** 

Warm & Wet  0.314 1.369 (1.336, 1.402)** 

Warm & Dry  0.053 1.054 (1.023, 1.087)* 

Cool & Extremely Wet  0.298 1.347 (1.310, 1.387)** 

Cool & Wet  0.167 1.182 (1.157, 1.207)** 

Cool & Dry  reference - 

Catchment Source of 

Flow 

Mountain -0.569 0.566 (0.544, 0.589)** 

Lake -1.693 0.184 (0.169, 0.200)** 

Low Elevation -0.453 0.636 (0.605, 0.668)** 

Hill -0.475 0.622 (0.594, 0.651)** 

Glacial Mountain reference - 
Catchment Geology Volcanic Basic  -1.429 0.240 (0.218, 0.263)** 

Volcanic Acidic -0.197 0.821 (0.800, 0.843)** 

Soft Sedimentary  -0.400 0.670 (0.655, 0.686)** 

Plutonics  -2.532 0.079 (0.071, 0.089)** 

Miscellaneous -0.329 0.720 (0.696, 0.745)** 

Hard Sedimentary -0.173 0.841 (0.824, 0.860)** 

Alluvium  reference - 

Catchment Landcover Wetland  -0.238 0.788 (0.662, 0.939)* 

Urban  -1.062 0.346 (0.314, 0.380)** 

Tussock 0.215 1.240 (1.198, 1.283)** 

Scrub  -0.155 0.856 (0.819, 0.896)** 

Pastoral  -0.234 0.791 (0.760, 0.824)** 

Miscellaneous  -1.311 0.270 (0.217, 0.335)** 

Indigenous Forest  -0.497 0.608 (0.585, 0.633)** 

Exotic Forest  -0.316 0.729 (0.696, 0.764)** 

Bare Ground reference - 

Season Winter 0.078 1.081 (0.996, 1.175) 

Summer 2.036 7.660 (7.156, 8.207)** 

Spring 2.712 15.059 (14.126, 16.07)** 

Autumn reference - 

Dairy Cattle Density High Density -0.203 0.816 (0.770, 0.865)** 

Low Density reference - 

Beef Cattle Density High Density -0.895 0.409 (0.382, 0.437)** 

Low Density reference - 

Sheep Density High Density 1.736 5.675 (5.280, 6.092)** 

Low Density reference - 

Proportion of 

Population Aged <5 

Years  

High Proportion -0.941 0.390 (0.379, 0.401)** 

Low Proportion reference - 

New Zealand 

Deprivation Index Score 

High Deprivation 0.701 2.016 (1.952, 2.079)** 

Low Deprivation reference - 

Interaction Dairy Cattle 

Density and Season 

High Dairy Density & Winter 1.136 3.114 (2.892, 3.357)** 

High Dairy Density & Summer -0.583 0.558 (0.524, 0.595)** 

High Dairy Density & Spring 0.430 1.537 (1.455, 1.624)** 

High Dairy Density & Autumn 0
a
 - 

Low Dairy Density & Winter 0
a
 - 

Low Dairy Density & Summer 0
a
 - 

Low Dairy Density & Spring 0
a
 - 

Low Dairy Density & Autumn reference - 

Interaction Beef Cattle 

Density and Season 

High Beef Density & Winter -0.314 0.731 (0.674, 0.792)** 

High Beef Density & Summer -0.934 0.393 (0.365, 0.424)** 

High Beef Density & Spring -0.329 0.720 (0.674, 0.768)** 

High Beef Density & Autumn 0
a
 - 

Low Beef Density & Winter 0
a
 - 

Low Beef Density & Summer 0
a
 - 

Low Beef Density & Spring 0
a
 - 

Low Beef Density & Autumn reference - 

table continued on next page... 
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Independent Variable 
(xi) 

Categories Model 
Coefficient 
(b) 

Incidence Rate Ratio 
(eb) (95% CI) 

Interaction Sheep 

Density and Season 

High Sheep Density & Winter -0.347 0.707 (0.652, 0.766) 

High Sheep Density & Summer -0.787 0.455 (0.422, 0.491)** 

High Sheep Density & Spring -0.795 0.452 (0.422, 0.483)** 

High Sheep Density & Autumn 0
a
 - 

Low Sheep Density & Winter 0
a
 - 

Low Sheep Density & Summer 0
a
 - 

Low Sheep Density & Spring 0
a
 - 

Low Sheep Density & Autumn reference - 

Interaction Dairy Cattle 

Density and Proportion 

of Population Aged <5 

Years 

High Dairy Density & High Proportion Aged <5 Years 0.566 1.761 (1.709, 1.817)** 

High Dairy Density & Low Proportion Aged <5 Years 0
a
 - 

Low Dairy Density & High Proportion Aged <5 Years 0
a
 - 

Low Dairy Density & Low Proportion Aged <5 Years reference - 

Interaction Beef Cattle 

Density and Proportion 

of Population Aged <5 

Years 

High Beef Density & High Proportion Aged <5 Years 1.628 5.094 (4.918, 5.275)** 

High Beef Density & Low Proportion Aged <5 Years 0
a
 - 

Low Beef Density & High Proportion Aged <5 Years 0
a
 - 

Low Beef Density & Low Proportion Aged <5 Years reference - 

Interaction Sheep 

Density and Proportion 

of Population Aged <5 

Years 

High Sheep Density & High Proportion Aged <5 Years -0.794 0.452 (0.437, 0.468)** 

High Sheep Density & Low Proportion Aged <5 Years 0
a
 - 

Low Sheep Density & High Proportion Aged <5 Years 0
a
 - 

Low Sheep Density & Low Proportion Aged <5 Years reference - 

Interaction Dairy Cattle 

Density and Deprivation  

High Dairy Density & High Deprivation -0.538 0.584 (0.566, 0.602)** 

High Dairy Density & Low Deprivation 0
a
 - 

Low Dairy Density & High Deprivation 0
a
 - 

Low Dairy Density & Low Deprivation reference - 

Interaction Beef Cattle 

Density and Deprivation 

High Beef Density & High Deprivation -0.272 0.762 (0.737, 0.788)** 

High Beef Density & Low Deprivation 0
a
 - 

Low Beef Density & High Deprivation 0
a
 - 

Low Beef Density & Low Deprivation reference - 

Interaction Sheep 

Density and Deprivation 

High Sheep Density & High Deprivation -0.217 0.805 (0.779, 0.832)** 

High Sheep Density & Low Deprivation 0
a
 - 

Low Sheep Density & High Deprivation 0
a
 - 

Low Sheep Density & Low Deprivation reference - 

 (Scale) 1
b
 - 

1
 For each independent variable (xi), its associated coefficient estimate (b), the expected change in the  notified cases (e

b
) with the 

corresponding 95% confidence interval, and level of significance. The baseline or reference values are presented as the final 

category for each independent variable. Reference categories were automatically selected. 
a Set to zero because this parameter is redundant 

b Fixed at the displayed value 

*p<0.05 

**p<0.001 
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Figure 90. Significant incidence rate ratios of cryptosporidiosis notifications for river 
segments by categories of dairy cattle density and season compared with the reference 

category. Error bars represent 95% confidence intervals. 
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Figure 91. Significant incidence rate ratios of cryptosporidiosis notifications for river 
segments by categories of beef cattle density and season compared with the reference 

category. Error bars represent 95% confidence intervals. 

 
Figure 92. Significant incidence rate ratios of cryptosporidiosis notifications for river 

segments by categories of sheep density and season compared with the reference category. 
Error bars represent 95% confidence intervals. 

Significant interactions between livestock density variables and the proportion of the population 

under five years of age and New Zealand deprivation index scores were also observed in the 

cryptosporidiosis model. River segments with high dairy and beef cattle densities and a high 

proportion of children under the age of five had significantly high IRRs than areas with low cattle 

density and a low proportion of children under five. By contrast, river segments with high sheep 
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density and a high proportion of children under five had a lower risk of cryptosporidiosis 

notification.  

With regard to the interactions between livestock densities and deprivation, river segments with 

high dairy, beef, and sheep densities and high deprivation index scores had significantly lower 

IRRs than areas with low livestock densities and low deprivation scores. However, the main effect 

for deprivation index score indicated that there was a greater risk of cryptosporidiosis notification 

for river segments with high deprivation scores (IRR=2.016; 95%CI=1.952, 2.079; p<0.001) than 

for areas with low deprivation scores. 

A number of environmental characteristics also influence risk of cryptosporidiosis notification. 

Specifically, risk of notification was higher for river segments with warm and wet, cool and 

extremely wet, or cool and wet catchment climates; glacial mountain source of flow; alluvial 

geology; and tussock landcover. IRRs also increased significantly from winter through spring (i.e. 

when observing the main effect for season); with the greatest risk for notification of 

cryptosporidiosis occurring in the spring, in line with previous research and the results presented 

in Chapter 6. 

Figure 93 shows variograms for a random sample of standardised Pearson residuals from the 

cryptosporidiosis model, while Figure 94 and Figure 95 show the binned empirical variograms 

along with permutation envelopes. Both the variogram generated with the classical estimator and 

the variogram generated with the modulus estimator show an upward trend at distances less than 

10 kilometres (i.e. less than 10,000 meters), suggesting spatially structured data. However, all of 

the variogram ordinates fell within the confidence regions. Therefore, it is likely that the spatially 

structured covariates that were included in the model sufficiently accounted for spatial 

autocorrelation. 
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Figure 93. Empirical spatial variograms for random sample (n=500) of cryptosporidiosis 
generalized linear model standardised Pearson residuals. Top, left to right: (i) variogram 

cloud generated with classical estimator, and (ii) variogram cloud generated with modulus 
estimator. Bottom, left to right: (iii) binned variogram generated with classical estimator, 

and (iv) binned variogram developed with modulus estimator. Distance is in meters. 
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Figure 94. Binned empirical spatial variogram for random sample (n=500) of 

cryptosporidiosis generalized linear model standardised Pearson residuals generated with 
classical estimator and compared to the permutation-based confidence region (between the 

two dotted lines). Distance is in meters. 

 
Figure 95. Binned empirical spatial variogram for random sample (n=500) of 

cryptosporidiosis generalized linear model standardised Pearson residuals generated with 
modulus estimator and compared to the permutation-based confidence region (between the 

two dotted lines). Distance is in meters. 
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10.5 Discussion 

10.5.1 Campylobacteriosis 

River segments with high poultry density had higher IRRs in the winter and summer than the 

baseline category of low poultry density and autumn. Higher poultry density may indicate the 

presence of a commercial broiler or layer farm in the area and it is possible that commercial scale 

farms could be an important source of occupational or local exposure to Campylobacter spp. With 

regard to seasonality, campylobacteriosis rates in New Zealand exhibit a summer peak in both 

urban and rural areas (see Chapter 6) and the observed summer peak may be due to a peak in 

Campylobacter jejuni clonal complex CC45 (Friedrich 2016), which is associated with a wide 

range of potential hosts and environmental sources (Levesque 2008, Gripp 2011, Sheppard 2014, 

Friedrich 2016). It remains unclear why there was a higher IRR for river segments with high 

poultry density in the winter, although it has been reported that environmental surface waters 

carry higher numbers of Campylobacter spp. in the winter (Whiley 2013, Friedrich 2016).   

The finding that river segments with high dairy cattle density had the greatest risk of 

campylobacteriosis notification in winter and spring was in line with the results presented in 

Chapter 6, which showed that in rural areas campylobacteriosis rates begin to increase in August 

(i.e. late winter) and exhibit a spring peak. Evidence indicates that Campylobacter spp. are 

widespread in newborn dairy calves in New Zealand (Grinberg 2005) (see section 2.4.1). Infected 

dairy calves may be a direct or indirect source of campylobacteriosis infection in humans 

(Grinberg 2005), which may explain the seasonality of human disease rates associated with the 

spring calving period in New Zealand. 

River segments with a higher proportion of females had a lower risk of campylobacteriosis 

notification. This result was expected, because previous studies have reported significantly higher 

rates of campylobacteriosis in males than in females in New Zealand (Baker 2007b, Rind 2010, 

Spencer 2012). However, when the interaction between the proportion of the population that was 

female and livestock densities was analysed, river segments with high dairy, beef, and poultry 

densities and a high proportion of the population that was female had significantly higher IRRs 

than areas with low densities and a low proportion of females. This interaction was unexpected; it 

was thought that areas with a lower proportion of females (i.e. a higher proportion of males) and 

higher livestock densities would have a greater risk of reported illness, because not only do males 

tend to have higher rates of campylobacteriosis in New Zealand, they may also be more likely to 

be employed in occupations where the risk of exposure to bovine zoonotic pathogens is higher 

(e.g. farm workers). 
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River segments with high dairy and beef cattle densities and a high proportion of children under 

five had significantly higher IRRs than the reference category. This finding was in line with a 

descriptive epidemiological study that reported significantly higher campylobacteriosis rates in 

rural children in New Zealand (Baker 2007b) and a source attribution study that reported that 

ruminant strains pose a greater threat to children living in rural areas in New Zealand (Mullner 

2010b). Young children may experience higher rates of infection in rural areas due to increased 

opportunity for contact with animals and faecal matter, hand-to-mouth behaviours that facilitate 

faecal-oral transmission of pathogens, or due to differences in immunity among age groups 

(Baker 2007b, Mullner 2010b). However, river segments with high sheep and poultry densities 

and a high proportion of children under five had lower IRRs than the reference category and it 

was unclear why the direction of the effect differed for those variables. 

10.5.2 Cryptosporidiosis 

Similar to the campylobacteriosis results, livestock density variables showed significant 

interactions with season and population variables in the model. Specifically, river segments with 

high dairy cattle densities showed increased IRRs in winter and spring as compared to the 

reference category, with the IRR peaking in winter. This finding was in line with the results 

presented in Chapter 6, which indicated that cryptosporidiosis rates increase in late winter and 

tend to peak earlier in areas with high dairy cattle density in New Zealand. River segments with 

high beef cattle densities and high sheep densities had lower IRRs from winter through spring. 

The results suggest that dairy cattle may be a particularly important source of Cryptosporidium in 

winter and spring, while sheep and beef cattle may be more important sources of illness in 

autumn. As noted in Chapter 6, a spring peak in cryptosporidiosis incidence in New Zealand has 

been reported in several studies (Lake 2008, Snel 2009a, Lal 2013b) and it is thought that the 

spring peak is associated with agricultural practices, specifically the birth of newborn livestock 

(Learmonth 2001, Snel 2009a). 

Similar to the results for campylobacteriosis, river segments with high dairy and beef cattle 

densities and a high proportion of the population under the age of five years had significantly 

higher IRRs than areas with low cattle density and a low proportion of children under five. This 

finding was in line with a previous study that specifically reported a greater risk of illness in 

children under five years of age with increasing dairy cattle densities in New Zealand (Lal 2016). 

With regard to the interactions between livestock densities and deprivation, river segments with 

high dairy, beef, and sheep densities and high deprivation index scores had significantly lower 

IRRs than areas with low livestock densities and low deprivation scores. This is in line with other 

studies conducted in New Zealand, which have reported higher notification rates for enteric 
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diseases in less deprived populations (Snel 2009a, Britton 2010, Thorburn 2010, Lal 2012a, 

Spencer 2012, Lal 2014). As noted in previously (6.2), it has been hypothesised that this pattern 

may be due to differences in access to health care services (Baker 2007b). Specifically, people in 

more deprived areas may have poorer access to primary health care services (Baker 2007b). 

However, the main effect for deprivation index score indicated that there was a greater risk of 

cryptosporidiosis notification for river segments with high deprivation scores (IRR=2.016; 

95%CI=1.952, 2.079; p<0.001) than for areas with low deprivation scores. 

10.5.3 Limitations 

”Almost invariably, when closely inspected, data are found to violate 

standard assumptions that are required in the application of classical 

methods of statistical inference. …it is better to be ‘approximately right’ 

rather than ‘exactly wrong’… (Jones 1986 pg. xiv)” 

Violation of Model Assumptions  
Generally, linear regression models assume the absence of outliers in the data, linearity between 

the outcome variable and the independent variables, constant variance of errors, and independence 

of observations (Dunn 2018a). A Poisson regression model also assumes that the response 

variable follows a Poisson distribution. The response variables for both models appear to follow a 

Poisson distribution, although the data may be slightly zero-inflated. The response variables for 

both models (i.e. campylobacteriosis and cryptosporidiosis notification counts) did not include 

any noteworthy outliers. Linearity was not expected to be an issue for most covariates, because all 

except for the offset variable were transformed into categorical variables. However, plots of 

standardised residuals against predicted values of the mean response (Appendix I) indicated 

possible non-linearity and non-constant variance. Transformation of the response variables was 

attempted in order to address non-constant variance and issues with model fit. However, residual 

plots continued to display a non-random pattern, indicating considerable issues with the models. 

Additionally, the independence assumption has likely been violated because cases may be 

temporally and spatially related. For example, cases may be related because they shared a 

common source (e.g. a contaminated swimming pool or contaminated food from a retail food 

establishment).  

The presence of overdispersion can also influence regression parameter estimates (Dunn 2018b). 

Overdispersion occurs when the variation in responses is greater than expected under the Poisson 

model and may be caused by model misspecification, natural variance in the mean, or by lack of 

independence in responses (Dunn 2018b). Residual deviance and Pearson goodness-of-fit 

statistics indicated that overdispersion was likely not a serious issue for the campylobacteriosis 

model (deviance/df=1.016, Pearson c2
/df=3.448), nor for the cryptosporidiosis model 
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(deviance/df=0.231, Pearson c2
/df=1.622). However, statisticians have suggested that when 

counts are small these statistics may be suspect and overdispersion may be difficult to judge 

(Dunn 2018b). However, when the Poisson models were compared to negative binomial models, 

an improvement in model fit was not observed. However, zero-inflated Poisson (ZIP) or quasi-

Poisson models may be appropriate alternatives and could be attempted in the future to improve 

the models. 

Multicollinearity 
The regression models were first run without interaction terms, and then run again with 

interaction terms added in. The standard errors for the regression parameters increased 

substantially when the interaction terms were included in the models. Specifically, for both 

models, the standard errors for seasons, livestock density variables, and population variables more 

than doubled (Appendix I). Furthermore, for the cryptosporidiosis model, the direction of the 

effect for dairy cattle density and New Zealand deprivation index score switched when interaction 

terms were added. The substantial increase in standard errors for regression parameters when 

interaction terms were added to both models may be a symptom of multicollinearity (Dunn 

2018a).  

Multicollinearity occurs when two or more of the covariates are highly correlated with each other 

(Dunn 2018a). If a number of covariates are highly correlated then typically only one of those 

covariates needs to be retained in the model (Dunn 2018a). However, the regression coefficients 

may change substantially depending on which individual variable is retained (Dunn 2018a). 

Therefore, multicollinearity can make it difficult, or even impossible, to distinguish causal 

variables from other associated variables (Dunn 2018a). Furthermore, when certain covariates 

are intrinsically correlated, multicollinearity can be very difficult to remove from a model 

(Dunn 2018a). The a priori development of causal diagrams to inform parameter choice in 

multivariate analyses may help to overcome multicollinearity (e.g. Hay 2014, Martinez-Anton 

2018), and such an approach should be considered in the future in order to improve the models. 

Potentially Missing Explanatory Variables 
It is also possible that a number of explanatory variables are missing from these models. For 

example, as noted in Chapter 8 (see section 8.5), Campylobacter is often transmitted through 

contaminated food in New Zealand (Spencer 2012, ESR 2018) and the inclusion of variables 

related to potential exposure to the retail food environment (e.g. Rind 2010) may have improved 

the model. Other exposures may also be important, including occupational and person-to-person 

transmission. For example, campylobacteriosis has been detected in humans with occupational 

livestock contact (Gilpin 2008). Person-to-person transmission may be particularly important for 

cryptosporidiosis, with a number of cases linked to attendance at childcare centres or the changing 
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of nappies in New Zealand (Snel 2009a). Additionally, while livestock densities had a significant 

effect in both models, it is possible that inter-relationships between livestock densities and rurality 

may have influenced the model results because a measure of rurality was not included.  

The lack of data available on other potential sources of environmental faecal contamination, 

including other livestock and wildlife species, as well as sources of human faecal material, such 

as septic systems and wastewater treatment plant effluents, is another limitation of this study (see 

section 8.5). Additionally, while previous studies have indicated a potential relationship between 

river flow and the presence of Campylobacter and Cryptosporidium in environmental waters 

(Curriero 2001, Lake 2005, McBride 2011a, McBride 2011b, Swaffer 2014, Brankston 2018), 

river flow variables were not explicitly included in these models. Furthermore, weather may drive 

the seasonal variation in notifications (Grassly 2006, Lal 2013b, Cherrie 2018) and the inclusion 

of weather variables might have improved model performance. Future research could also employ 

time series analysis in order to elucidate the link between weather conditions and disease 

notifications. Different time series approaches have been used to examine the relationship 

between climate variability and enteric disease incidence in New Zealand (Lal 2013b), Australia 

(Hu 2007), Canada (Fleury 2006), England and Wales (Cherrie 2018) at various temporal scales. 

Many of the limitations noted in previous chapters are also applicable to this study. Specifically, 

there are considerable limitations of using passive surveillance data to assess disease distribution, 

including underreporting, notification bias, and the misallocation of cases to geographic areas (see 

section 5.5.1), The use of report date for notifications may also have influenced analyses in this 

study (see section 6.5.3). It is likely that the use of onset date would have improved the results 

slightly, because onset date is closer to the time that infection was acquired. In addition, strain 

specific data was not available for this study. The typing of all cases could help to refine the 

models developed, because different strains may have different drivers and risk factors (see 

section 8.5). 

10.5.4 Conclusions 

For both campylobacteriosis and cryptosporidiosis, when main effects were analysed, river 

segments with high dairy and beef cattle density had significantly lower risk of notification than 

areas with low cattle density, while areas with high sheep density had a significantly greater risk 

of notification than those with low density. Additionally, river segments with high poultry density 

had a significantly greater risk of campylobacteriosis notification than areas with low poultry 

density. However, there were significant interactions between livestock density variables and 

season and population variables. Specifically, river segments with high dairy cattle densities had a 
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significantly higher risk for campylobacteriosis notification in the winter, spring, and summer, 

and a significantly greater risk for cryptosporidiosis notification in winter and spring.  

Additionally, river segments with high dairy and beef cattle densities and a high proportion of 

children under five had significantly higher IRRs than the reference category for both 

campylobacteriosis and cryptosporidiosis. The same relationship was not observed between sheep 

and poultry densities and the proportion of the population under five years of age. This result 

indicates that cattle are a particularly important source of disease for young children in rural areas.  

Spatial autocorrelation of model residuals was examined by developing spatial empirical 

variograms for random samples of model residuals. For the most part, the empirical variograms 

lay inside the permutation envelopes and there was little evidence of spatial autocorrelation. 

However, the variogram that was developed with a modulus estimator for the campylobacteriosis 

model residuals indicated that some spatial autocorrelation may not have been accounted for in 

the model. Therefore, while the variograms did not indicate that there was strong spatial 

dependence, this issue warrants further investigation. Furthermore, diagnostics suggest that the 

models require considerable improvement and cautious interpretation is required. However, 

despite concerns for model fit and accuracy, the results often held agreement with the existing 

literature. Additionally, a strength of this analysis is that it accounted for interactions between 

selected variables. 
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Chapter 11 General Discussion, Implications, and 

Recommendations 

“…conclusions must be reached cautiously, firmly, not too soon and not too late… 

 (Jones 1986 pg. 131)” 

 

The central aim of this thesis is to assess the public health significance of the intensification of 

dairy farming in New Zealand.  

To that end, research objectives were to:  

(i) establish the main causal pathways of human health impacts associated with dairy 

production and consumption, globally and in New Zealand;  

(ii) assess available methods and tools for examining the direct and indirect health 

impacts associated with agricultural production systems;  

(iii) examine patterns of dairy production and intensification in New Zealand; and 

(iv) quantify, for selected causal pathways, empirical relationships between relevant 

exposures and health impacts 

The key findings are briefly summarised and discussed here. Following this, study strengths and 

limitations are considered. Finally, recommendations for future research and considerations for 

policy changes are presented. 

11.1 Summary of Key Findings and General Discussion 

Broad review of the literature indicated that globally, zoonotic diseases; occupational hazards; 

direct and indirect environmental health impacts; antimicrobial resistance; foodborne hazards; 

diet-related health harms and benefits; and indirect economic, social, and cultural effects are 

important potential health impacts associated with dairy production and consumption (Chapter 2). 

However, it is not clear how the intensification of dairy production may alter risk. It is likely that 

increases in dairy cattle numbers and densities will lead to increases in certain health harms. 

However, it is also possible that certain health impacts will diminish with intensification due to 

changing farming practices and other factors, such as population immunity.  

The intensification of dairy farming may lead to increases in zoonotic disease rates. Cattle are a 

known reservoir for a number of different pathogens that can cause human illness (FAO 2006, 

Toth 2013). In New Zealand, there have been significant increases in notified campylobacteriosis, 
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cryptosporidiosis, and STEC infection cases in recent years (ESR 2017a). However, the annual 

campylobacteriosis rate decreased by 54% following the introduction of interventions in the 

poultry industry in 2006 (Sears 2011), and remained relatively stable from 2008 to 2015 (ESR 

2017a). Notifications have also increased slightly for giardiasis and salmonellosis (ESR 2017a). It 

is possible that the intensification of dairy farming has contributed to the observed increases in 

zoonotic disease rates.  

By contrast, the intensification of dairy farming in New Zealand may lead to decreases in certain 

occupational injuries and illnesses. For example, it has been reported that the use of automatic 

milking systems may decrease physical strain, mental strain, and the risk of injuries and illnesses, 

particularly for musculoskeletal symptoms, respiratory diseases, and skin diseases (Karttunen 

2016). Furthermore, the risk of lung disorders may decrease as modern farms improve ventilation 

systems (Reynolds 2013), which decrease inhalation exposures. Intensification efforts often rely 

on, or accompany, farm mechanisation and the adoption of new technologies (Gonzalez-Mejia 

2018, Clay 2019).  

Continued intensification of the dairy industry in New Zealand will undoubtedly have serious 

implications for the natural environment. The issue of water pollution from dairy farming has 

captured public attention in recent years (Monaghan 2007, Doole 2015), and many of New 

Zealand’s waterways have shown a range of indicators of degraded water quality (Scarsbrook 

2015). Levels of nutrients, sediments, and faecal microbes are frequently elevated in catchments 

dominated by agricultural land use (Scarsbrook 2015). Additionally, the sector’s contribution to 

soil quality, climate change, and biodiversity loss are of particular concern (Chapter 2).   

Intensification of dairy farming may influence the emergence of antimicrobial resistance. While 

New Zealand has low use of antimicrobials in food-producing livestock compared to other 

countries (Burgess 2017, Hillerton 2017), evidence suggests that there is the potential for the use 

of antimicrobial agents in the dairy sector, particularly third and fourth generation cephalosporins, 

to contribute to an increase in antimicrobial resistance (Burgess 2017).  

With regard to foodborne hazards, the consumption of raw milk continues to pose a serious public 

health threat, as there is no way to guarantee that raw milk is free of faecal matter (French 2014a). 

There is also concern that the intensification of dairy farming, along with the impacts of climate 

change, may amplify food safety risks in the near future, particularly those associated with 

microbiological hazards and possibly certain chemical hazards, such as mycotoxins (Havelaar 

2010a, Paterson 2010, van Asselt 2017). 
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The over-consumption of cow’s milk and dairy products may also contribute to certain health 

harms. There have been concerns in New Zealand that too much of the total energy consumed by 

adults comes from saturated fats, and the Ministry of Health estimated that most of the saturated 

fat intake for adults in New Zealand in 2008-2009 was coming from dairy products (Ministry of 

Health 2015b). It is unclear whether the intensification of dairy farming in New Zealand will 

significantly influence domestic consumption rates, but New Zealand’s domestic fluid milk 

consumption has increased rapidly in recent decades and has outpaced the rate of population 

growth (Index Mundi 2018, Statistics New Zealand 2018a). However, the majority of recent 

studies suggest that the moderate consumption of dairy products does not increase the risk for 

most chronic conditions and may actually provide protection against cardiovascular disease, 

stroke, certain forms of cancer, and premature mortality (Haug 2007, Kliem 2011, Pereira 2014, 

Hess 2016, Dehghan 2018). 

The intensification and consolidation of dairy operations may also lead to negative social impacts, 

such as worsening socioeconomic disparities and rural emigration (FAO 2006). The income 

inequality between households with high incomes and those with low incomes widened from 

1988 to 2015 in New Zealand (Statistics New Zealand 2019b). However, the New Zealand dairy 

sector does provide an array of benefits for society, including providing employment 

opportunities; contributing to local, regional and national economies; and supporting rural vitality 

(Doole 2015). Additionally, intensification of dairy farming may indirectly impact ecosystem 

cultural services. The culture of the indigenous Māori people of Aotearoa New Zealand is 

intrinsically linked to the natural environment (Iorns Magallanes 2015, McNeill 2017), and there 

is also a strong tradition of participation in outdoor recreation and cultural activities throughout 

New Zealand (Statistics New Zealand 2018b).  

While a broad array of potential health effects has been identified, the public health burden 

depends on population exposure pathways, which operate at multiple spatial and temporal scales. 

Some of the potential public health impacts are concentrated in occupational groups and 

communities directly exposed to dairy cattle and rural environments, while other impacts affect 

consumers of dairy products through food safety and nutritional pathways. While some effects 

occur locally, other effects occur at a regional or global scale through processes that may promote 

the emergence or re-emergence of infectious diseases and climate change. Previous reviews have 

examined a single facet of the issue (e.g. bovine zoonoses) but, to the author’s knowledge, the 

review presented in Chapter 2 is the first to examine the evidence for the full array of potential 

health impacts associated with dairy production and consumption. 

There are a number of different tools and methodologies that could be used to assess the potential 

health impacts associated with agricultural practices. A review indicated that health impact 
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assessment, the environmental burden of disease approach, and integrated assessment modeling 

are appropriate methodologies for a comprehensive and transdisciplinary assessment of the 

potential health impacts associated with the intensification of the New Zealand dairy sector 

(Chapter 3). While it was not possible to conduct a comprehensive assessment as part of this 

thesis due to resource constraints, components of this thesis could be used to inform such an 

assessment in the future. For example, each of these assessment methodologies includes a scoping 

phase that requires potential impacts to be outlined, and the review of impacts presented in 

Chapter 2 could inform the scoping phase of such an assessment. 

The intensification of livestock production can facilitate zoonotic disease transmission by 

increasing animal population size and density (Graham 2008, Cutler 2010, Jones 2013), which 

increases animal-to-animal contact (Greger 2007). Dairy cattle numbers have increased 

substantially in New Zealand in recent decades and trends in dairy cattle numbers and densities in 

New Zealand were explored in Chapter 4. Maps of dairy cattle density indicated that dairy cattle 

have recently been introduced to areas of New Zealand where they had not previously been 

farmed. Rapid intensification was evident in the Canterbury Plains and Southland, with dairy 

cattle introduced to new areas and land that was once used for beef or sheep farming converted to 

dairy farming. Dairy cattle density also increased in well-established farming regions, such as 

Waikato and Taranaki. Overall, marked increases in dairy cattle density were evident in Waikato, 

Taranaki, Canterbury, Southland, and in parts of Northland, the Bay of Plenty, lower Manawatu-

Wanganui, and the West Coast from 2000 to 2014.   

Intensive livestock systems also tend to have animal populations with low genetic diversity, 

which may favour increased adaptation and transmission of pathogens (Jones 2013). Additionally, 

intensive livestock systems may require more frequent movement of people, animals, and vehicles 

on and off of farms, which can increase the risk of pathogen transmission (Cutler 2010, Jones 

2013). Furthermore, intensive systems can promote disease transmission through environmental 

pathways, including through the production of large quantities of manure and waste (Jones 2013). 

Cattle can excrete pathogens in manure and certain pathogens can persist in the environment 

(FAO 2006, Steinmuller 2006, Cavirani 2008, Winkworth 2010, McDaniel 2014, Smith 2016, 

Stevenson 2016). Therefore, the volume of untreated manure produced by dairy cattle in New 

Zealand presents both an environmental and a public health concern.  

Intensive livestock production may also alter the frequency and intensity of interactions between 

humans and animals. Animal-to-human contact may increase, especially when production 

facilities border urban areas (Murphy 1998, Greger 2007). In some regions, intensive livestock 

operations are moving closer to major population centres and this shift may provide “flash points” 

for zoonotic outbreaks (Delgado 2003, Greger 2007).  
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New Zealand’s population has become increasingly urban and the size of cities in New Zealand, 

both in terms of population and land area, has grown over time (Environmental Health Indicators 

New Zealand 2019). When dairy cattle density was compared to human population density 

(Chapter 4), it became apparent that the number of meshblocks with both medium to high dairy 

density and medium to high human density had increased substantially over time. These 

meshblocks tend to be small and are often situated on the outskirts of cities and large towns.  

Environmental exposure to bovine zoonotic pathogens is of particular concern in both rural and 

peri-urban areas of the country (Chapter 4). Increased interaction between humans and dairy cattle 

or the farm environment may occur in rural areas where dairy cattle have been newly introduced 

or in peri-urban areas with both higher human density and higher dairy cattle density. Increased 

interaction between humans and dairy cattle or the farm environment may increase the 

transmission of zoonotic pathogens (Toth 2013, McDaniel 2014).  Peri-urban exposure to bovine 

zoonoses may become increasingly important as both the human and dairy cattle populations 

change over time. However, intensive farms tend to have fewer workers per animal, which may 

help to reduce the number of people directly exposed to zoonotic pathogens (Jones 2013).  

This thesis primarily focused on bovine enteric zoonoses, due to the historically high rates of 

enteric zoonoses in humans in New Zealand (Snel 2009a, Lal 2013b), which pose a considerable 

public health (Lake 2000, Lake 2010) and economic burden (Scott 2000, Snel 2009a). 

Specifically, campylobacteriosis, cryptosporidiosis, giardiasis, salmonellosis, and Shiga toxin-

producing Escherichia coli (STEC) infection notifications were examined.  

When spatial patterns of dairy cattle density and zoonotic enteric disease rates in New Zealand 

were compared at the meshblock and census areas unit (CAU) levels, no clear patterns emerged 

(Chapter 5), with the possible exception of STEC infection rates. The observed spatial 

heterogeneity may have been due to multiple potential disease reservoirs and transmission routes 

for zoonotic enteric diseases. There may also be a number of other confounding factors, including 

underlying population demographics. Furthermore, urban meshblocks and CAUs tend to have 

smaller land areas than their rural counterparts. Therefore, rural areas, and in turn rural disease 

rates, may be visually over-represented in choropleth maps. 

Descriptive statistics indicated that meshblocks with larger increases in dairy cattle density had 

larger reductions in enteric disease rates over time. Additionally, meshblocks with a decrease in 

exposure to dairy cattle density had either increases or smaller reductions in disease rates over 

time than areas with other patterns of exposure. By contrast, CAUs that were categorised as 

having new exposure to dairy cattle saw either the largest increases or the smallest decreases in 

mean disease incidence rates over time, with the exception of STEC infection. These results 
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suggest that human populations in CAUs where dairy cattle are newly introduced have a higher 

risk of infection than human populations in CAUs with longstanding dairy farming regions 

(5.5.2). Humans in well-established dairy farming regions may have developed a degree of 

immunity to certain pathogens due to sustained exposure, as compared to populations in areas 

where dairy cattle have been recently introduced.  

The results also indicate that the relationship between dairy cattle density and zoonotic enteric 

disease rates in New Zealand is complex. Social and demographic factors, such as socioeconomic 

status, immunity status, and access to health care services may influence notification rates and 

could explain, in part, the apparent relationship between dairy cattle density and zoonotic enteric 

disease rates. To the author’s knowledge, no other studies have assessed the dynamic relationship 

between the change in enteric disease incidence rates over time and the change in dairy cattle 

density. Past studies have solely explored the relationship between disease rates and static dairy 

cattle densities (e.g. Spencer 2012, Thorburn 2010, Lal 2016). Furthermore, this analysis includes 

data for all of New Zealand and when compared to a geographically limited study design there is 

greater certainty that the results are nationally generalisable. 

Campylobacteriosis and cryptosporidiosis notification rates in New Zealand display strong 

seasonality and distinct patterns between urban and rural areas (Chapter 6). Further analyses 

focused on these two diseases. Campylobacteriosis rates decreased substantially in urban areas 

following poultry industry interventions, but rural rates remained relatively high. Both urban and 

rural campylobacteriosis rates exhibit a distinct seasonal peak. Urban campylobacteriosis 

notifications peaked in the summer, while rural campylobacteriosis notifications peaked in the 

spring and then remained elevated through the summer. Cryptosporidiosis rates in rural areas 

showed a strong spring peak. This result was expected, as past studies have reported similar 

findings (Snel 2009a, Lal 2016). 

The spring peak in campylobacteriosis and cryptosporidiosis notifications in rural areas coincided 

with calving and lambing season in New Zealand. Specifically, the seasonal variation in the 

pathogen carriage rate in livestock, including dairy cattle, could influence the seasonality of 

disease rates (Stanley 2003, Menrath 2010, Williams 2010). Evidence indicates that 

Campylobacter jejuni  and Cryptosporidium parvum are widespread in newborn dairy calves in 

New Zealand (Grinberg 2005, Al Mawly 2015a) (see section 2.4.1). Infected dairy calves may be 

a direct or indirect source of campylobacteriosis or cryptosporidiosis infection in humans 

(Grinberg 2005, Snel 2009a), which may explain the seasonality of human disease rates 

associated with the spring calving and lambing period in New Zealand. Furthermore, certain 

farming management practices, such as grazing, overwintering, and herd movements, could 

influence pathogen shedding in cattle (Stanley 2003), and in turn influence human exposures and 
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the seasonality of disease rates. The observed temporal patterns could also differ by pathogen 

strain (Learmonth 2004, McCarthy 2012, Friedrich 2016), although strain specific data was 

unavailable for this study. 

For both diseases, seasonal peak notification rates in rural areas were considerably higher than 

corresponding rates in urban areas. There were also clear differences between areas with no dairy 

cattle and areas with dairy cattle. When the average monthly incidence of campylobacteriosis was 

compared across areas with different dairy cattle densities, areas with no dairy cattle showed a 

summer peak, while areas with dairy cattle displayed a spring peak in addition to elevated 

summer rates. In the case of cryptosporidiosis incidence, all areas showed a marked spring peak, 

but the spring peak in areas with no dairy cattle was much smaller than in areas with dairy cattle. 

Furthermore, there were differences in the magnitude of peaks in notification rates between areas 

with different dairy cattle densities. Areas with low dairy cattle density appeared to have higher 

seasonal peaks than areas with medium or high dairy cattle density. It is possible that areas with 

low dairy cattle may have higher human densities and therefore more opportunities for exposure 

than areas with higher dairy cattle densities. Alternately, areas with low dairy cattle densities may 

have higher densities of other livestock, which may confound the results. It is also possible that in 

areas with higher dairy density, humans may develop immunity to certain pathogens.  

Monthly time animations and seasonal maps for campylobacteriosis and cryptosporidiosis cases 

in selected areas also indicated that increases in rural cases often precede increases in urban cases. 

This suggests that there are different determinants for infections in urban versus rural areas. It is 

also possible that rural exposures may have driven some of the burden of disease in urban areas. 

This finding was in line with unpublished work conducted at Massey University (French 2018, 

personal communication).  

Both campylobacteriosis and cryptosporidiosis rates have been associated with weather and 

climatic conditions (Naumova 2007, Lake 2008, Britton 2010, Lal 2013b, Abdelmajid 2017). In 

New Zealand, the literature has shown mixed results for the relationship between 

campylobacteriosis and climate, with both a time series analysis (Lal 2013b) and spatial analyses 

of campylobacteriosis determinants (Rind 2010, Spencer 2012) indicating that climatic factors 

were not significantly associated with campylobacteriosis incidence in New Zealand. However, 

positive associations between campylobacteriosis and temperature have been reported in the 

United States (Naumova 2007) and the United Kingdom (Nichols 2012, Abdelmajid 2017, 

Cherrie 2018). Cryptosporidiosis has also been associated with weather and climatic conditions. 

In New Zealand, cryptosporidiosis has been associated with rainfall (Britton 2010, Lal 2013b) and 

temperature (Lake 2008, Britton 2010, Lal 2013b). Similar findings have been reported in the 

United States (Naumova 2007), Australia (Hu 2007), and the United Kingdom (Lake 2005). 
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Social and behavioural patterns (Yun 2016, Cherrie 2018), or agricultural or environmental 

changes (Griffiths 1990, Stanley 2003, Menrath 2010, Williams 2010, Lal 2012b) may also 

influence the seasonality of notifications. 

SaTScan statistics and GIS techniques were used to detect and visualise space-time clusters of 

campylobacteriosis and cryptosporidiosis in New Zealand (Chapter 7). The space-time clusters 

identified in this study highlight potential spatial and temporal variation in the drivers of disease. 

While several other studies have identified clusters of campylobacteriosis and cryptosporidiosis 

notifications in New Zealand, this study analysed more recent notifications. Nine statistically 

significant campylobacteriosis clusters were detected in New Zealand from 2011 to 2015 and 

most were located in urban areas.  

In urban areas, foodborne transmission is thought to be dominant, while in rural areas 

environmental exposures are likely to play a larger role in transmission (Mullner 2010b, Spencer 

2012). Specifically, waterborne transmission may play a particularly important role in the 

development of rural clusters of disease. Increased pathogen loads in waterways and increased 

disease incidence have been associated with increased rainfall, especially areas with agricultural 

land use (Auld 2004, Thomas 2006, Jokinen 2012). Heavy rainfall can transport pathogens from 

the environment into surface waters or groundwater (Jokinen 2012, McBride 2014). Heavy 

rainfall following periods of drought may be of particular concern, because droughts can lead to 

higher concentrations of pathogens in both surface waters and groundwater (Ajeagah 2010, Lal 

2013a). Droughts can also lead to increased runoff from land that is dry and unsaturated (Boxall 

2009, Lal 2013a). Therefore, intense rainfall following a drought can flush high pathogen loads 

and result in higher disease incidence (Lal 2013b). For example, in the United Kingdom, 

approximately 20% of waterborne disease outbreaks from 1910 to 1999 occurred following 

prolonged dry spells (Nichols 2009). By contrast, only 10% of outbreaks were associated with 

heavy rainfall (Nichols 2009). 

Thirty-eight statistically significant cryptosporidiosis clusters were detected in New Zealand from 

1997 to 2015 (Chapter 7). Geographically, most of the significant cryptosporidiosis clusters were 

located in the northern half of the North Island (e.g. Auckland, Waikato, and Bay of Plenty 

regions). Many of the clusters that were located in urban areas fell within autumn or winter 

months, while clusters located in rural areas tended to occur during the spring. The results 

suggested that person-to-person transmission is more important in urban areas. Additionally, 

clusters detected during autumn months may be due to the transmission of Cryptosporidium 

hominis rather than the zoonotic Cryptosporidium parvum. These results were consistent with 

those from a previous study that identified recurrent clusters of cryptosporidiosis in New Zealand 

from 1997 to 2008 (Lal 2015b) 
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Evidence from previous studies suggested that the environmental transmission of enteric diseases 

may be particularly important in rural areas in New Zealand (Mullner 2010b, Thorburn 2010, Lal 

2012a, Spencer 2012, Jaros 2013). Specifically, waterborne transmission of zoonotic enteric 

pathogens through contact with contaminated recreational waters or through the consumption of 

contaminated drinking water, is of particular concern in areas with high dairy cattle densities 

(Thorburn 2010, Sing 2015). Spring clusters of cryptosporidiosis in rural areas are likely 

associated with spring calving and lambing or rainfall patterns. As previously noted, newborn 

livestock may be an important source of cryptosporidiosis infection (Learmonth 2001, Grinberg 

2005, Snel 2009a). Additionally, positive associations between cryptosporidiosis cases and 

rainfall have been reported in New Zealand (Britton 2010), the United Kingdom (Lake 2005, 

Naumova 2005), and the United States (Curriero 2001). Studies have also shown that heavy 

rainfall events can significantly increase surface runoff of Cryptosporidium oocysts over 

agricultural land (Davies 2004, Davies-Colley 2008, Tryland 2011, Lal 2013a). Recreational 

water contact has been identified as an important risk factor for infection (Lake 2008). Rainfall 

associated runoff could also exacerbate risk related to the consumption of untreated drinking 

water. Higher cryptosporidiosis rates have been reported in areas with untreated or inadequate 

drinking water supplies in New Zealand (Duncanson 2003), and increased pathogen loading due 

to heavy rainfall events could overwhelm potable water and wastewater infrastructure and lead to 

disease outbreaks (Lal 2014).  

SaTScan identified a number of significant clusters that didn’t match reported outbreaks of 

disease. Specifically, four of the significant campylobacteriosis clusters and twenty-one of the 

significant cryptosporidiosis clusters had no agreement with previously reported outbreaks. 

Therefore, it is likely that a number of potential outbreaks have gone undetected in New Zealand 

and refinement of the disease surveillance system using SaTScan or a similar cluster detection 

tool, in combination with field investigations, could improve outbreak surveillance.  

In this study, the location and timing of detected clusters of disease indicated that environmental 

exposures, including upstream dairy cattle density (i.e. estimates of dairy cattle density for fourth 

order stream catchments), reduced drinking water quality as measured by protozoa achievement 

of water distribution zones, and modelled median river E. coli concentration may have played a 

role in the development of certain clusters. Therefore, potential environmental and social risk 

factors were assessed using nonparametric classification and regression tree (CRT) analysis 

(Chapter 8). Median river E. coli concentration was one of the most important predictors for both 

campylobacteriosis and cryptosporidiosis clusters in New Zealand, suggesting that waterborne 

transmission is particularly important in the development of some disease clusters. However, it is 

difficult to link faecal indicator bacteria back to diffuse sources, especially in large watersheds 
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with mixed land use (Verhougstraete 2015). Potential sources of faecal bacteria in waterways 

include livestock, wildlife, septic systems, sewage system leaks, and wastewater treatment plant 

effluents (Jokinen 2010, Verhougstraete 2015). Sheep and dairy cattle density were important 

predictors for campylobacteriosis clusters and dairy cattle density was also an important predictor 

for cryptosporidiosis clusters.  

While a number of clusters of campylobacteriosis and cryptosporidiosis were detected, evidence 

indicates that the majority of cases are sporadic in New Zealand. Moreover, the risk factors for 

sporadic cases may be different than the risk factors for outbreak cases of infectious diseases 

(Painter 2013, Ebel 2016). Therefore, CRT analysis was also used to assess potential risk factors 

for average seasonal notification rates (Chapter 9). Livestock densities were important predictors 

for both campylobacteriosis and cryptosporidiosis notification rates. This result was in line with 

past studies (Snel 2009a, Thorburn 2010, Spencer 2012, Lal 2016). However, the location of 

variables in the regression trees indicates that there may be a non-linear relationship between 

livestock densities and disease rates. Alternately, livestock densities may be more important in 

certain geographic areas. Season, and various environmental and demographic factors were also 

important predictors for seasonal notification rates of both diseases.  

Together, Chapter 8 and Chapter 9 indicated that the most important risk factors for clusters of 

disease may differ from the most important risk factors for sporadic cases, although there were 

some similarities between the models. Specifically, livestock densities were important predictors 

for each CRT model. Dairy cattle, beef cattle, and sheep densities were important predictors in all 

CRT models, and poultry density was important in both campylobacteriosis CRT models. The 

importance of livestock densities across all models strongly suggests that livestock production 

impacts human infection risk. Additionally, deprivation index score; age; median E. coli 

concentration; and catchment climate, source of flow, geology, and landcover were also important 

variables across all four CRT models.  

The CRT models also suggest that interactions between livestock densities and season; social 

factors including age, gender, and socioeconomic status; and environmental characteristics (e.g. 

climate, landcover, geology) at local and larger spatial scales may result in distinct pathogen 

sources and transmission pathways for campylobacteriosis and cryptosporidiosis notifications in 

New Zealand. The CRT model for clusters of campylobacteriosis (Chapter 8), showed that 

multiple interactions occurred between several population variables, including the New Zealand 

deprivation index score, total population, and the proportion of the population 5-64 years of age, 

which appeared on both sides of the classification tree for campylobacteriosis clusters. The results 

consistently indicated that areas with lower deprivation scores (i.e. less deprived) were more 

likely to fall within a cluster. This is in line with studies conducted in New Zealand (Spencer 
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2012), England and Wales (Gillespie 2008), and Scotland (Bessell 2010), which have reported 

higher notification rates for campylobacteriosis in less deprived populations. It has been 

hypothesised that this pattern may be due to differences in access to health care services (Baker 

2007b). Specifically, people in more deprived areas may have poorer access to primary health 

care services (Baker 2007b). Deprivation index score interacted with median river E. coli 

concentration, total population, and age variables.  

The results also indicated that total human population interacted with age variables. The 

classification tree consistently indicated that areas with higher total human population were more 

likely to fall within a campylobacteriosis cluster. The total population variable may be capturing, 

in part, differences in cluster risk by rurality. Most of the significant campylobacteriosis clusters 

were located in urban areas, where foodborne transmission is thought to be dominant (Mullner 

2010b, Spencer 2012). Additionally, the interaction between total population and other 

demographic variables may also suggest differences in risk between different population 

subgroups. For example, the elderly and young children may be at increased risk for infection 

(Baker 2007b, Baker 2012, Lal 2015c).  

Similarly, the New Zealand deprivation index score and total population appeared on both sides 

of the cryptosporidiosis classification tree (Chapter 8) and showed multiple interactions, which 

may indicate differences in risk between different population subgroups. This could also indicate 

a non-linear relationship between these explanatory variables and the dependent variable. 

Alternately, these variables may be more important in certain geographic areas. The results also 

suggested multiple interactions between environmental and demographic variables. For example, 

dairy cattle density showed interactions with predominant catchment source of flow and climate, 

as well as deprivation index score.  

The CRT models for seasonal disease notifications (Chapter 9), showed that livestock density 

variables appeared in both regression trees multiple times and frequently on opposite sides of the 

tree. This may suggest an interaction between livestock densities and other variables (e.g. season) 

or a non-linear relationship between livestock densities and notification rates for 

campylobacteriosis and cryptosporidiosis. Livestock densities may also be more important in 

certain geographic areas. Alternately, it is possible that inter-relationships between livestock 

densities and rurality may have influenced the model results because a measure of rurality was not 

included in the models.  

Season also appeared in multiple locations on the campylobacteriosis regression tree (Chapter 9). 

Mean campylobacteriosis rates were often higher in spring and/or summer, although there was 

considerable variation between nodes that were split by season on the campylobacteriosis 
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regression tree. Interactions between season and other explanatory variables may be explained in 

part by strain specific seasonal patterns (Friedrich 2016) or amplifying hosts (French 2014b). 

However, strain specific information was not available for this study. 

The proportion of the population that was female was the first splitting variable on the 

campylobacteriosis regression tree and also appeared on both sides of the tree after the first split 

(Chapter 9). Generally, river segments with a lower proportion of females, and therefore a higher 

proportion of males, had a higher mean notification rate. This finding was in line with previous 

epidemiological studies, which have reported significantly higher campylobacteriosis incidence 

rates in males than in females in New Zealand (Baker 2007b, Rind 2010, Spencer 2012), although 

a study conducted in the United Kingdom found that gender differences depended on age 

(Gillespie 2008). It is possible that the variable interacts with other predictor variables, such as 

livestock densities, which appeared above and/or below the variable on the regression tree. For 

example, males may be more likely to be employed in occupations where the risk of exposure to 

bovine zoonotic pathogens is higher (e.g. farm workers). The variable may also have a non-linear 

relationship with campylobacteriosis notification rates.  

Age was the only population characteristic that appeared on the cryptosporidiosis regression tree 

(Chapter 9). The proportion of the population under five years of age appeared on the right side of 

the tree after the first split, while the proportion of the population five years of age or older 

appeared on the left side of the tree. Previous studies have reported higher rates of 

cryptosporidiosis in children in New Zealand (Snel 2009b, Lal 2016), Australia (Lal 2015a), and 

Spain (Abal-Fabeiro 2015). Furthermore, a greater risk of illness in has been reported in children 

under five years of age with increasing dairy cattle densities in New Zealand (Lal 2016). 

Therefore, interactions between age and livestock density variables were expected.   

However, CRT techniques do not easily allow for estimation of the net effect of independent 

variables (Speybroeck 2012). Therefore, generalized linear models were developed for seasonal 

notifications of campylobacteriosis and cryptosporidiosis in New Zealand from 2010 to 2015 at 

the river segment level (Chapter 10). The development of both CRT models (Chapter 9) and 

generalized linear models (Chapter 10) for seasonal notifications of disease helps to provide a 

more refined assessment of the risk factors for campylobacteriosis and cryptosporidiosis than the 

use of either method alone (Thang 2008, Speybroeck 2012). For the generalized linear models, 

interaction terms were included for livestock density variables and season and population 

variables, as indicated by the results of the CRT models for seasonal campylobacteriosis and 

cryptosporidiosis notification rates in Chapter 9.  
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The results showed that river segments with high dairy cattle densities had a significantly higher 

risk for both campylobacteriosis and cryptosporidiosis notification in the spring and winter. This 

finding was in line with the results presented in Chapter 6, which showed that in rural areas 

campylobacteriosis rates begin to increase in August (i.e. late winter) and exhibit a spring peak, 

while cryptosporidiosis rates increase in late winter and tend to peak earlier in areas with high 

dairy cattle density in New Zealand. As noted previously, evidence indicates that Campylobacter 

spp. and Cryptosporidium parvum are widespread in newborn dairy calves in New Zealand, and 

infected diary calves may be a direct or indirect source of infection in humans (Grinberg 2005, 

Snel 2009a, Al Mawly 2015b). This may explain the seasonality of human disease rates 

associated with the spring calving period in New Zealand. It has also been reported that 

environmental surface waters carry higher numbers of Campylobacter spp. in the winter (Whiley 

2013, Friedrich 2016), and this may be another relevant consideration.   

The results in Chapter 10 also showed that river segments with high dairy and beef cattle densities 

and a high proportion of children under five had significantly higher incidence rate ratios (IRRs) 

than the reference category for both campylobacteriosis and cryptosporidiosis. This indicates that 

cattle are a particularly important source of disease for young children in rural areas. This 

conclusion is in line with the results of the CRT models presented in Chapter 9 and is further 

supported by studies indicating higher risk of infection in young children in rural areas. Studies in 

New Zealand (Snel 2009b, Lal 2016), Australia (Lal 2015a), and Spain (Abal-Fabeiro 2015) have 

found higher risk of cryptosporidiosis infection in young children in rural areas, and studies in 

New Zealand (Snel 2009b, Lal 2016), the United States (Jagai 2010), and Scotland (Pollock 2010) 

have specifically reported a positive association between cryptosporidiosis and higher cattle 

densities. Studies have also reported higher campylobacteriosis notification rates in rural children 

due to ruminant strains in New Zealand (Mullner 2010b), the Netherlands (Mughini Gras 2012), 

Scotland (Strachan 2013), and Canada (Kaboré 2010). 

For campylobacteriosis, there were also significant interactions between livestock densities and 

the proportion of the population that was female. Specifically, river segments with high dairy, 

beef, and poultry densities and a high proportion of the population that was female had 

significantly higher IRRs than areas with low densities and a low proportion of females. This was 

in contrast to the results of CRT model presented in Chapter 9, which indicated that areas with a 

smaller proportion of females, and therefore a higher proportion of males, had a higher mean 

notification rate. It is possible that males in rural areas are more likely to interact with livestock 

frequently may have developed a degree of immunity to Campylobacter spp. due to sustained 

exposure (Havelaar 2009). Alternately, it is possible that this finding reflects gender differences in 

health care service utilization (Jatrana 2009). Generally, previous studies have reported 
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significantly higher campylobacteriosis incidence rates in males than in females in New Zealand 

(Baker 2007b, Rind 2010, Spencer 2012). 

Risk of campylobacteriosis notification was also higher for river segments with a cool and 

extremely wet catchment climate, as well as for cool and wet, and warm and wet catchment 

climates; alluvial geology; tussock landcover; and for drinking water distribution systems that did 

not achieve protozoa compliance, had unknown protozoa compliance status, or did not have a 

distribution system. 

For cryptosporidiosis, river segments with high dairy, beef, and sheep densities and high 

deprivation index scores had significantly lower risk of notification than areas with low livestock 

densities and low deprivation scores. This was in line with other studies conducted in New 

Zealand, which have reported higher notification rates for enteric diseases in less deprived 

populations (Snel 2009a, Britton 2010, Thorburn 2010, Lal 2012a, Spencer 2012, Lal 2014). 

Additionally, risk of cryptosporidiosis notification was higher for river segments with warm and 

wet, cool and extremely wet, and cool and wet catchment climates; glacial mountain source of 

flow; alluvial geology; and tussock landcover. However, while the generalized linear models for 

campylobacteriosis and cryptosporidiosis had a level of agreement with the existing literature, 

model diagnostics indicated that multicollinearity and the violation of model assumptions may 

have substantially influenced model fit and accuracy. Therefore, the results were suspect and 

required cautious interpretation.  

The results of this thesis indicate that livestock production plays a significant role in both sporadic 

notifications and outbreaks of campylobacteriosis and cryptosporidiosis in New Zealand.  

Zoonotic infections will continue to be a concern as the dairy sector intensifies in New Zealand. 

However, more research is required to determine how intensification will influence occupational 

hazards; direct and indirect environmental health impacts; antimicrobial resistance; foodborne 

hazards; diet-related health harms and benefits; and indirect economic, social, and cultural effects 

associated with dairy farming.  

11.2 Study Strengths 

This thesis contributes to the bridging of traditional disciplinary silos. The recognition of linkages 

among humans, animals, and the environment is a key concept of ‘One Health’ (Zinsstag 2012), 

as well as an underlying principle of ‘Planetary Health’ (Haines 2016), which focuses on global 

biophysical systems (Whitmee 2015). The potential public health impacts identified in Chapter 2 

fit well within the broad agendas of these transdisciplinary approaches. Additionally, Chapter 3 

identifies methodologies that could be used to conduct a transdisciplinary assessment of the 

potential impacts associated with the intensification of the dairy sector in New Zealand, including 
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health, environmental, social, and economic dimensions. Furthermore, the analysis of potential 

environmental and social risk factors for campylobacteriosis and cryptosporidiosis notifications in 

Chapters 8-10 helps to further understanding of the interdependencies between ecosystems, and 

human and animal health. Moreover, the integration of different data sources that were originally 

intended for unrelated purposes allowed this thesis to identify public health issues that may be 

exacerbated by the further intensification of dairy farming and future environmental change. 

Another strength of this thesis is that it acknowledges both the health harms and benefits 

associated with dairy farming. It may be easy to overlook or dismiss the potential benefits 

associated with dairy farming in New Zealand due to public concern about the environmental 

impacts, particularly regarding water quality (Monaghan 2007, Doole 2015), as well as New 

Zealand’s high rates of infectious enteric diseases (Snel 2009a, Lal 2013b). However, the 

importance of dairy production as a source of income and employment, as well as the importance 

of the sector to national and regional economies should be considered, given that these factors are 

also important determinants of health (Marmot 2008, WHO 2018b). In particular, the work 

presented in Chapter 2 (section 2.6) seeks to reflect the reality of people’s lives and livelihoods, 

while considering the potential environmental and health impacts associated with dairy 

production and consumption.  

11.3 Study Limitations 

There are considerable limitations of using passive surveillance data to assess disease distribution, 

including the underreporting of cases (Lian 2007, Lal 2015). It is likely that only a small 

proportion of illnesses are actually reported; studies have suggested that only 0.5% of acute 

enteric disease cases in New Zealand are notified (Lake 2009, ESR 2017a). Under-notification 

may be problematic due to the reduction in case numbers and consequently study power. Under-

notification may also be biased because notifications rely on access to medical care and diagnostic 

services. In New Zealand, notification data tend to underrepresent Māori and Pacific peoples, as 

well as socioeconomically deprived populations (Baker 2007b, Lal 2014). Therefore, while 

ethnicity may be an important risk factor for enteric infections in New Zealand, it was excluded as 

a covariate in the classification and regression tree models in Chapters 8 and 9, and from the 

generalized linear regression models presented in Chapter 10, in order to simplify the 

interpretation of results. 

Another limitation of using passive surveillance data is the incorrect allocation of cases to 

geographic areas (Skelly 2002). In New Zealand, disease notifications report case location based 

on a person’s home address, which may not be an accurate reflection of exposure due to 

commuting or travel patterns. Additionally, address geocoding for rural areas is less reliable and 
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may result in the underestimation of rural rates of disease (Skelly 2002). Foreign travel can also 

play an important role in zoonotic enteric disease epidemiology (Ekdahl 2004, Vrbova 2012), but 

cases related to international travel could not be distinguished in this study.  

Analyses also included both sporadic and outbreak cases of disease, as it is difficult to reliably 

distinguish between them. However, this study was able to analyse the potential risk factors for 

statistical clusters of campylobacteriosis and cryptosporidiosis separately from the potential risk 

factors for seasonal notification rates in Chapters 8 and 9, respectively. 

For this study, strain specific data was not available. The temporal patterns of disease observed in 

Chapter 6 and 7 could be explained in part by different pathogen strains. For example, 

campylobacteriosis rates in New Zealand exhibit an increase during summer months in both urban 

and rural areas. A time series study of genotyped human campylobacteriosis cases in Manawatu, 

New Zealand from 2005 to 2013 found that Campylobacter jejuni clonal complex CC45 was the 

only prevalent clonal complex to display a summer peak (Friedrich 2016), although CC45 is 

associated with a wide range of potential hosts and environmental sources (Levesque 2008, Gripp 

2011, Sheppard 2014, Friedrich 2016). Cryptosporidiosis rates in rural areas exhibited a large 

spring peak. A spring peak was also evident in urban areas but was not as marked. In addition, 

urban areas tend to have a small peak in the autumn. Evidence suggests that the autumn peak is 

predominantly Cryptosporidium hominis cases, while the spring peak is predominantly composed 

of C. parvum cases (Learmonth 2004, Snel 2009a). Specifically, a study that examined 

Cryptosporidium oocysts isolated from human faecal specimens using the PCR-restriction 

fragment length polymorphism technique found that C. hominis was dominant in urban areas, 

while C. parvum was dominant in rural areas (Learmonth 2004). Furthermore, a seasonal shift in 

transmission cycles was observed, with an anthroponotic cycle in the autumn and a zoonotic cycle 

in the spring (Learmonth 2004). Clear differences in the timing of cryptosporidiosis clusters 

between urban and rural areas were also observed in Chapter 7, consistent with the above studies.  

Molecular data can also be particularly useful for source attribution, because different subtypes of 

pathogens can be associated with particular animal reservoirs or amplifying hosts (French 2014b). 

In New Zealand, microbial subtyping has primarily been used for a sentinel surveillance site in 

the Manawatu region to estimate attribution of campylobacteriosis (Mullner 2009a, Mullner 

2010b, French 2014b, Nohra 2020). However, while poultry and ruminant subtypes were 

distinguishable, these efforts have been limited by the difficulty in differentiating between cattle 

and sheep subtypes (French 2014b). The typing of cases and outbreaks could improve our 

understanding of transmission pathways and better enable the development of targeted disease 

control measures.  
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Demographic data for this thesis were collected for census years 2001, 2006, and 2013, although 

the data used varied by analysis. Temporal variations in demographic variables were assumed 

constant between censuses for descriptive analyses. Additionally, the SaTScan space-time scan 

statistic applied in Chapter 7 assumes that any change in the population at risk occurs uniformly 

across the study population (Pfeiffer 2008). However, demographic shifts were not assessed for 

the analysis. 

Protozoa achievement data for the year 2013 were supplied by the Institute for Environmental 

Science and Research (ESR) Water Programme from the Water Information New Zealand 

(WINZ) database for distribution zones in New Zealand that serviced more than 200 people. 

However, a considerable proportion of rural populations in New Zealand rely on private water 

supplies that are not monitored by the national grading system. Additionally, the national 

geographic boundaries for water distribution zones have not been updated since 2010 and may 

have changed considerably since that time. Protozoa monitoring is also not required by the 

Drinking-water Standards for New Zealand, therefore achievement was unknown for a number of 

distribution zones (Ministry of Health 2015a). Furthermore, protozoa achievement is assessed 

only at the treatment plant (Ministry of Health 2015a), and thus does not indicate potential 

vulnerabilities elsewhere in the system. Despite these limitations, the data does provide an 

approximate measure of potential drinking water quality and was the best data available 

nationally.  

The role of ecological bias or ecological fallacy requires consideration in this thesis. Specifically, 

care must be taken in assuming that a measure of livestock density can act as a suitable surrogate 

for individual contact with zoonotic pathogens excreted by livestock. Dairy cattle density may not 

be the best surrogate for exposure to zoonotic pathogens, as areas with high dairy cattle densities 

may not have high human densities, and consequently there may be limited opportunities for 

exposure. As noted in Chapter 4, peri-urban areas with higher dairy cattle densities and higher 

human densities may have higher risk of exposure, because there may be more opportunities for 

interaction between dairy cattle, or the dairy farm environment, and humans. It is possible that 

dairy cattle density, or any measure of livestock density, is less meaningful than the ratio of 

animal to human density as a surrogate for exposure to zoonotic pathogens excreted by livestock. 

However, ecological bias can be minimised through the use of small geographical units 

(Morgenstern 1995). For much of this study, meshblocks and census area units, which are the 

smallest and second smallest geopolitical units available in New Zealand, respectively, were used. 

River segments, which have an average length of 700 meters, were also used in Chapters 8-10. 

However, one downside of using small geographical units is that it is more likely that the reported 

location of a case may not correspond to the location of the source of infection than when using 
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larger geographic units, a phenomenon often referred to as migration bias (Tong 2000). While 

migration bias may have resulted in a number of cases being assigned to areas that were some 

distance from the original source of infection, this form of bias is more likely to be an issue for 

diseases with longer incubation periods or latency (Tong 2000); campylobacteriosis, 

cryptosporidiosis, giardiasis, salmonellosis, and STEC infection all have relatively short 

incubation periods (McDaniel 2014). 

The categorisation of dairy cattle densities, as well as change in dairy cattle densities and 

exposure over time, required consideration in Chapters 4-6. Specifically, there was concern that 

splitting the data into mathematically convenient categories (e.g. low, medium and high tertiles of 

dairy cattle density) may not be biologically meaningful. The use of additional categories could 

have helped to clarify the relationship with zoonotic enteric notification rates. However, in 

Chapters 8 and 9, livestock densities were included in models as continuous variables, rather than 

as categorical variables. In Chapter 10, livestock densities were categorised into binary categories 

(i.e. high and low density) in order to improve the performance of the generalized linear models. 

This study specifically accounted for the density of dairy cattle, beef cattle, sheep, and poultry for 

campylobacteriosis and dairy cattle, beef cattle, and sheep for cryptosporidiosis in Chapters 8-10. 

Other animals, such as deer and goats, can be reservoirs for Campylobacter spp. (Rapp 2012, 

Pattis 2017) and Cryptosporidium parvum (Xiao 2004). However, there are comparatively small 

numbers of deer and goats in New Zealand (Statistics New Zealand 2017) and they are unlikely to 

contribute significantly to the reservoir pool for these illnesses.  

There were also concerns about the validity of the generalized linear models developed for 

seasonal notifications of campylobacteriosis and cryptosporidiosis in Chapter 10. For example, 

the standard errors for certain regression parameters increased substantially when interaction 

terms were included in the models. Specifically, for both models, the standard errors for seasons, 

livestock density variables, and population variables more than doubled. The substantial increase 

in standard errors for regression parameters may be a symptom of multicollinearity (Dunn 2018a). 

Multicollinearity can make it difficult, or even impossible, to distinguish causal variables from 

other associated variables (Dunn 2018a). Additionally, several standard assumptions were 

violated. Linear regression models typically assume the absence of outliers in the data, linearity 

between the outcome variable and the independent variables, constant variance of errors, and 

independence of observations (Dunn 2018a). Residual plots indicated that non-linearity and non-

constant variance may have influenced model fit. Additionally, infectious disease cases may be 

temporally and spatially related, especially if they share a common source. Spatial autocorrelation 

was not accounted for in these models, and although spatial empirical variograms for model 

residuals did not indicate strong spatial dependence, further modeling efforts should incorporate 
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formal consideration of autocorrelation. Specifically, spatial autocorrelation of model residuals 

can indicate violation of the independence assumption, which can result in incorrect error 

probabilities, and can seriously affect coefficient estimates (Kühn 2012).   

11.4 Recommendations for Future Research 

While analyses indicated that dairy cattle and other livestock play an important role in human 

zoonotic enteric infections in New Zealand, it was beyond the scope of this thesis to quantify the 

importance of different pathogen sources and transmission pathways. Furthermore, it remains 

unclear whether the change in dairy cattle densities strongly influenced the change in disease rates 

over time. Several studies have estimated attribution probabilities for human campylobacteriosis 

(Mullner 2009a, Nohra 2016, Liao 2019), salmonellosis (Mullner 2009a, King 2011), and STEC 

infections (Jaros 2013) for different sources and transmission pathways in New Zealand (see 

section 2.4.1). However, additional research is required to clarify the role of dairy cattle and other 

livestock hosts in human zoonotic enteric disease risk and to ascertain the precise transmission 

pathways by which humans are exposed to zoonotic pathogens in New Zealand.  

Generally, additional data is needed to better understand transmission pathways in enough detail 

to develop targeted control measures. For example, the results presented in Chapter 10 show that 

there is a higher risk of infection in young children in areas with higher cattle densities. This may 

be due to increased opportunities for exposure to animals or faecal matter in rural areas, prevalent 

hand-to-mouth behaviours in young children, or differences in immunity among age groups 

(Baker 2007b, Mullner 2010b). More information will need to be gathered, including data on the 

precise behavioural determinants of childhood infections in rural areas, such as handwashing 

habits. In addition, molecular studies could be useful for source attribution, especially for studies 

focused on smaller geographic areas. 

Future research should also investigate the relationship between notified infections and factors 

that may help to explain seasonal patterns of zoonotic enteric notifications. The relationship 

between livestock densities and zoonotic enteric infections may be modified by proximal and 

distal environmental factors, such as climatic conditions and hydrological characteristics; social 

factors, including socioeconomic status and population demographics; as well as certain farm 

management practices, such as stream fencing and the planting of riparian buffer strips, which are 

designed to reduce faecal contamination of waterways (Collins 2007). While this study examined 

a number of potential environmental and social risk factors, the role of different farm 

management practices was not explored in this thesis and deserves further consideration.   

Conducting case studies for selected, smaller areas may also help to clarify the role of dairy cattle 

and other livestock in zoonotic enteric infection rates, particularly in rural and peri-urban areas. 
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Additionally, alternate measures of potential human exposure to zoonotic pathogens, such as the 

ratio of human population density to dairy cattle density, merit consideration. As noted in Chapter 

4, dairy cattle density alone may not be the best surrogate measure for exposure; there may be 

increased interaction between humans and dairy cattle or the farm environment in areas where 

there is also higher human population density. Spatial imagery could also be used to assess the 

human-livestock interface. Spatial imagery has been used extensively in landscape ecology 

(O'Neill 1997, Zharikov 2005, Shapiro 2015) and landscape epidemiology (Wimberly 2008, 

Lambin 2010) and could be applied to an investigation of potential interaction between humans 

and livestock and agricultural environments in New Zealand. It may also be useful to estimate 

dairy cattle density upstream from communities in New Zealand in order to assess potential 

increases in waterborne transmission of zoonotic pathogens.  

The wide range of pathogen sources and transmission routes for zoonotic enteric infections can 

make targeted interventions challenging. Predictive risk mapping could be used to determine 

areas with higher risk based on environmental and social characteristics. Predictive risk mapping 

has been used in a number of studies around the world to examine the drivers of transmission for 

zoonotic diseases, such as leptospirosis in Fiji (Mayfield 2018), West Nile Virus in the United 

States (Rochlin 2011), and hantavirus in Argentina (Andreo 2014). In this study, classification 

and regression tree analysis indicated that environmental characteristics, including catchment 

climate, source of flow, geology, and landcover, are important predictors for campylobacteriosis 

and cryptosporidiosis notifications in New Zealand (Chapter 8 and Chapter 9). Social factors, 

such as socioeconomic deprivation, were also identified as important predictors. Risk maps could 

be developed for different pathogens for scenarios of combinations of livestock densities and 

social and environmental characteristics in order to examine how interactions between these risk 

factors may influence disease transmission. Risk mapping could also indicate areas where it may 

be beneficial to limit livestock numbers from a human health perspective. Overall, it is 

recommended that a comprehensive and transdisciplinary assessment be conducted in New 

Zealand to examine the potential impacts associated with the intensification of the dairy sector. 

Sections of this thesis could support such an assessment.  

While many of the findings of this thesis are specific to New Zealand, it also has implications for 

global public health. Future research should focus on regions heavily dependent on dairy farming, 

including both higher income areas with advanced, large-scale production systems and lower 

income regions in which dairy farming is a critical poverty reduction tool. Additionally, a number 

of epidemiological controversies were identified in the literature (Chapter 2), such as the role of 

innate versus acquired immunity, the role of microbiological exposures in the development of 

asthma and atopic disorders, as well as questions about the aetiologies of certain cancers and 
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chronic disorders. Many of these questions remain unresolved and future research should seek to 

expound upon the observed associations and clarify the potential linkages between dairy 

production and consumption and public health outcomes. 

11.5 Considerations for Policy Changes 

11.5.1 Potential Interventions 

Overall, the results of this thesis emphasise the importance of livestock reservoir hosts and 

suggest the role of environmental transmission in rural areas. There are a number of different 

links in the chain of transmission that could be targeted for intervention. First, dairy cow numbers 

or densities could be limited. This would reduce the quantity of untreated manure that enters the 

environment, which would help to decrease infection pressure. Dairy production could be limited 

in a targeted manner and the reduction of dairy cows could be prioritised in areas where 

environmental characteristics facilitate pathogen transport. High risk areas could be identified 

using predictive risk mapping techniques as discussed above (see section 11.5).  

Preventing manure and pathogens from spreading in the environment would also help to interrupt 

the chain of environmental transmission. This can be achieved through various manure 

management or treatment strategies, as well as through farm management practices including 

stream fencing and the planting of riparian buffers, which are designed to reduce faecal 

contamination of waterways (Collins 2007). While this thesis examined a number of potential 

environmental and social risk factors, the role of different farm management practices was not 

explored and deserves further consideration.   

Another option for intervention is the protection of drinking water through monitoring, treatment, 

or the expansion of drinking water infrastructure. Waterborne transmission of zoonotic enteric 

pathogens through the consumption of contaminated drinking water is of particular concern in 

areas with high dairy cattle densities (Thorburn 2010, Sing 2015). In this thesis, the location and 

timing of detected clusters of campylobacteriosis and cryptosporidiosis indicated that reduced 

drinking water quality may have played a role in the development of certain clusters (Chapter 7). 

Additionally, previous outbreaks have been linked to the contamination of drinking water wells 

with surface water runoff containing fecal matter. For example, a large waterborne 

campylobacteriosis outbreak in Havelock North in 2016 was attributed to the contamination of 

two bore wells with sheep faeces (ESR 2018). The subsurface transport of pathogens and the 

infiltration of pathogens through the soil matrix and into groundwater is also a concern.  

Interventions could also be targeted at the waterborne transmission of zoonotic enteric pathogens 

through contact with contaminated recreational waters. In this study, modelled median river E. 
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coli concentration was one of the most important predictors for both campylobacteriosis and 

cryptosporidiosis clusters in New Zealand (Chapter 8), suggesting that waterborne transmission is 

particularly important in the development of some disease clusters. Additionally, an analysis of 

National River Water Quality Network (NRWQN) data has indicated widespread faecal pathogen 

contamination, with E. coli concentrations exceeded recommended limits for recreational contact 

at numerous marine and freshwater beaches (Scarsbrook 2015). Overall, approximately 24% of 

520 sites were graded as poor or very poor (Scarsbrook 2015). Therefore, the monitoring of 

swimming sites and the posting of appropriate public health warnings could help to prevent 

recreational exposure to enteric pathogens. 

In addition, work could also be done to protect vulnerable populations. The results presented in 

Chapter 10 suggest that children in rural areas have higher risk for campylobacteriosis and 

cryptosporidiosis infection. Attention to this issue could be raised through outreach to rural 

groups, schools, or childcare providers (e.g. McDonald 2011). In particular, healthy behaviours 

like handwashing should be encouraged. Moreover, additional data should be collected on the 

determinants of disease in rural areas. As noted above (section 11.5), public health studies to 

determine the importance of different reservoirs and transmission pathways are required, 

especially in rural areas.  

There may also be opportunities to improve outbreak surveillance in New Zealand. Chapter 7 

identified a number of statistically significant campylobacteriosis and cryptosporidiosis clusters 

that did not match any recognised outbreaks in New Zealand. This indicates that outbreaks of 

disease may have gone undetected and therefore, the use of a spatial scan statistic or a similar tool 

for the identification of potential outbreaks could improve the outbreak surveillance system. 

Presumably, refinement of the surveillance system could also help to forecast periods of increased 

risk and assist efforts to manage and reduce the intensity of outbreaks should they occur. 

Many of these efforts are already underway in New Zealand. For example, manure discharge to 

surface waters is regulated under the Resource Management Act 1991 (New Zealand Government 

1991, Bolan 2009). While the bulk of manure produced on New Zealand farms is directly 

deposited to pasture (Bolan 2009, FAO 2010a, Ministry for the Environment 2016), 

approximately 6-10% of excreta is deposited in the milking shed or in collecting yards (Bolan 

2009). Dairy farms have traditionally treated smaller quantities of dairy effluent from milk sheds 

and collecting yards biologically in a passive two-pond system (Bolan 2009). After treatment, 

farm effluents are typically discharged to surface waters or applied to agricultural fields (Bolan 

2009). The Resource Management Act 1991 requires that the discharge of farm effluents to 

surface waters receive resource consent as a regulated activity (New Zealand Government 1991, 

Bolan 2009). Resource consent approval generally requires nutrient concentrations to be 
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minimised before effluent can be discharged to waterways, and many regional councils encourage 

land application of farm effluents (Bolan 2009). However, there are still a number of 

environmental and health concerns associated with land application, including the transport of 

microbial contaminants (Bolan 2009).  

Dairy farms could be regulated more stringently to protect the environment and public health. In 

2019, legislation to limit the emission of biogenic methane was passed by Parliament and may 

result in limits on livestock production. Specifically, New Zealand’s Climate Change Response 

(Zero Carbon) Amendment Act 2019 requires the reduction of biogenic methane within the range 

of 24-47% below 2017 levels by 2050, including to 10% below 2017 levels by 2030 (Ministry for 

the Environment 2019a). Achieving such large reductions in emissions may eventually necessitate 

constraints on land use or livestock production, including dairy farming (Royal Society of New 

Zealand 2016). Improvements in water quality, and potential reductions in the waterborne 

transmission of zoonotic pathogens, are potential co-benefits to reducing agricultural greenhouse 

gas emissions (Royal Society of New Zealand 2016). However, the feasibility of implementing 

constraints on agricultural production in New Zealand requires further evaluation (Royal Society 

of New Zealand 2016).   

In addition, the dairy industry has made efforts to improve environmental performance, and 

specifically water quality, through the Sustainable Dairying Water Accord, which encourages the 

adoption of best management practices (BMPs), such as effluent management and riparian 

planting (Dairy Environment Leadership Group 2015). Modest improvements in water quality 

attributed to the adoption of on-farm BMPs have been noted in some areas in New Zealand, but 

more still needs to be done for streams in dairy catchments to comply with guidelines for 

ecosystem health and recreational swimming (Wilcock 2013, Wright-Stow 2017). The Accord is 

voluntary and adoption of BMPs has not been universal (Yang 2017). Additionally, it seems 

unlikely that industry self-management will result in substantial changes if interventions threaten 

to undermine profits. While a step in the right direction, the Accord may be insufficient to 

guarantee the protection of the environment and public health. However, a regulatory approach 

may require costly compliance, and financial barriers are already regarded as a major obstacle to 

the adoption of BMPs by dairy farmers in New Zealand (Yang 2017). More recently, on 28 May 

2020, the Ministry for the Environment announced Action for Healthy Waterways, which will 

require stock exclusion from within three metres of waterways in low-slope areas (i.e. less than a 

ten degree slope) and will also require consent for certain intensification activities or for land-use 

conversion to dairy farming (Ministry for the Environment (MfE) 2020).  

With regards to recreational contact with faecal pathogens, surveillance monitoring of E. coli is 

ongoing at many swimming sites around the country (NPS-FM, Ministry for the Environment 
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2014). Specifically, the National Policy Statement for Freshwater Management requires regional 

councils to monitor water quality and report on how often rivers and lakes are suitable for 

swimming, with a goal that 90% of New Zealand's rivers and lakes be swimmable by 2040 (NPS-

FM, Ministry for the Environment 2014).  

While there are opportunities for the introduction or extension of targeted interventions and 

control efforts for enteric diseases in New Zealand, a larger discussion about the role of the dairy 

sector is warranted. There are clear environmental benefits to limiting dairy production, but there 

are also important cultural considerations and potential health co-benefits. However, the 

inevitable concerns about livelihoods and economic impacts must also be addressed. In the next 

section, broader considerations about the role of the dairy sector in New Zealand are discussed.  

11.5.2  The Role of the Dairy Sector in New Zealand 

It has been argued that while New Zealand’s economy is currently reliant on the dairy industry, it 

need not continue to be (e.g. Hendy 2013). From an economic standpoint, dairy production will 

likely continue to be profitable due to demand from the global market (FAO 2010b, Hendy 2013, 

IDF 2016, OECD 2016, Royal Society of New Zealand 2016). However, dairy products are not 

necessarily as profitable as more complex products, including technological products like 

electronics and machinery (Hendy 2013). A strategic transition away from dairy production, in a 

manner which doesn’t undermine the existing livelihoods of farmers, or others who are currently 

reliant on the sector for employment and income, could produce environmental and public health 

benefits in New Zealand.  

Planning for the generational transition of farm operation and ownership could smooth a 

transition away from dairy farming. Easement programs have been used in the United States to 

protect and limit uses of land. For example, the United States Department of Agriculture’s 

Agricultural Conservation Easement Program helps landowners, land trusts, and other entities to 

protect and restore wetlands, grasslands, and agricultural lands through conservation easements 

(USDA 2019). If an easement program was introduced in New Zealand and tailored to the goal of 

slowly transitioning away from diary production and primary industries, farmers could be 

encouraged to enrol land upon retirement, which may help to limit impacts to livelihoods. Not 

only could the use of easements promote economic transition, there could also be a number of 

environmental co-benefits, particularly in ecologically fragile areas.  

Most dairy farms in New Zealand continue to be owner operated (Walker 1994, Smith 2004, LIC 

2016). In order to help shift the economy away from reliance on dairy farming and primary 

industries, children from farm families could also be encouraged to pursue careers in different 

sectors (e.g. the high-tech sector) through scholarships or other incentives. Higher education plays 
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a critical role in the competitiveness of nations with transitioning economies (Saginova 2008, 

Lazaroiu 2012, Durazzi 2018). Financial incentives, such as government-funded scholarship 

programs, could help to promote entrepreneurialism and innovation, which directly contribute to 

the development of knowledge economies (Lazaroiu 2012). Financial incentives targeted at farm 

families could ease the transition away from dairy farming. 

Developing policies that achieve balance between potential public health harms and benefits and 

environmental and socioeconomic impacts is challenging and there will likely to be trade-offs 

between economic productivity, animal welfare, environmental protection, and human health 

goals. There may not be a ‘sweet spot’ that maximises benefits across these divergent goals. In the 

words of ecosystem scholar James Kay: 

“Investigators into complexity do not seek prediction, control, right 

answers and efficiency. These are not sensible goals under conditions of 

complexity. Rather, the investigators seek understanding, adaptability 

and resilience. Scientific inquiry, more than ever, becomes an act of 

collaborative learning and knowledge integration. The role of the expert 

shifts from problem solving to an exploration of possibilities, from 

giving correct advice to sharing information about options and trade-

offs. Those who cling to being the old sort of expert in fact lose their 

expertise. Because there is no correct answer and no definitive 

perspective, decision-making under complexity will require new 

institutional arrangements, and broad public participation (Waltner-

Toews 2008, p. 80).”   

As the New Zealand dairy sector increases production, exposure to a range of hazards must be 

weighed with the potential benefits to food security, nutrition, livelihoods, and economic 

opportunities.  

Agricultural production is inextricably linked to human health and the environment and 

agricultural policy should not be approached with a silo mentality. Policies developed along 

conventional sectoral lines may not adequately address human health and environmental 

concerns. In order to address the potential public health impacts associated with dairy production 

and consumption, policy makers should consider cross-sectoral approaches that reflect the 

complexity of agricultural systems and look for innovative solutions that leverage multiple 

benefits. 

11.6 Overall Conclusion 

Dairy production and consumption are associated with a broad array of health impacts including 

zoonotic diseases; occupational hazards; direct and indirect environmental health impacts; 

antimicrobial resistance; foodborne hazards; diet-related health harms and benefits; and indirect 
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economic, social, and cultural effects. This study used a variety of techniques to assess the impact 

of dairy production on zoonotic enteric disease patterns in New Zealand.  

The results indicate that dairy production influences enteric zoonotic disease patterns in New 

Zealand. However, the relationship between dairy cattle density and disease rates is complex and 

pathogen specific. Importantly, local and larger scale environmental characteristics and social 

factors appear to strongly modulate disease risk.  

Further research is required to clarify the role of dairy intensification in public health and there is 

broad scope for the development and use of transdisciplinary methods and tools to assess the 

impacts of dairy production and intensification. Specifically, the findings of this thesis could 

provide useful input into a comprehensive assessment of the health impacts associated with the 

dairy sector in New Zealand. Additionally, policy makers should seek cross-sectoral solutions that 

leverage multiple benefits in order to address the potential impacts of dairy intensification.  
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Appendix A                                                                                   

Search strategies for review of health impacts associated with 

dairy production and consumption 

Medline Search Strategy (conducted 22 February 2017, retrieved 1707 
articles)  

1. Dairying/ 

2. (dairying or (dairy adj (indust* or farm* or compan* or business* or production or herd* 

or cattle))).tw. 

3. (milk* or “milk production”).tw. 

4. 1 or 2 or 3 

5. exp *Public Health/ 

6. (health* adj2 (population* or public* or impact* or effect* or outcome* or threat* or 

risk*)).tw. 

7. 5 or 6 

8. 4 and 7 

9. Cattle/ 

10. (cow* or cattle or bovine*).tw. 

11. 9 or 10 

12. 8 and 11 

13. limit 12 to English language 

14. limit 13 to humans 

15. limit 13 to animals 

16. 13 not 15 

17. 14 or 16 

18. ae.xs 

19. 1 and 18 

20. limit 19 to English language 

21. 17 or 20 

 

Embase Search Strategy (conducted 22 February 2017, retrieved 579 
articles) 

1. Dairying/ 

2. (dairying or (dairy adj (indust* or farm* or company* or business* or production or herd* 

or cattle))).tw. 

3. (milk* or “milk production”).tw. 

4. 1 or 2 or 3 

5. exp *Public Health/ 

6. (health* adj2 (population* or public* or impact* or effect* or outcome* or threat* or 

risk*))).tw. 

7. 5 or 6 

8. 4 and 7 

9. Cattle/ 

10. (cow* or cattle or bovine*).tw. 

11. 9 or 10 

12. 8 and 11 
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13. limit 12 to english language 

14. limit 13 to humans 

15. limit 13 to animals 

16. 13 not 15 

17. 14 or 16 

18. ae.xs. 

19. 1 and 18 

20. limit 19 to english language 

21. 17 or 20 

Scopus Search Strategy (conducted 27 March 2017, retrieved 265 
articles)  

( ( TITLE ( dairying  OR  ( dairy*  W/1  ( indust*  OR  farm*  OR  compan*  OR  busines

s*  OR  production ) ) )  OR  KEY ( dairying  OR  ( dairy*  W/1  ( indust*  OR  farm*  O

R  compan*  OR  business*  OR  production ) ) ) ) )  AND  ( TITLE-ABS-

KEY ( health*  W/2  ( population*  OR  public*  OR  impact*  OR  effect*  OR  outcome

*  OR  threat*  OR  risk* ) ) )  AND ( ALL ( cow*  OR  cattle  OR  bovine* ) )  AND  ( E

XCLUDE ( SUBJAREA ,  "VETE" ) )  AND  ( LIMIT-TO ( LANGUAGE ,  "English" ) ) 

 

Web of Science Search Strategy (conducted 29 March 2017, retrieved 
226 articles) 

1. TITLE: ((dairying OR (dairy* NEAR/1 (indust* OR farm* OR company* OR business* 

OR production))))                                                                                                                

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

2. TOPIC: ((dairying OR (dairy* NEAR/1 (indust* OR farm* OR company* OR business* 

OR production))))                                                                                                                

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

3. TOPIC: (health* NEAR/2 (population* OR public* OR impact* OR effect* OR 

outcome* OR threat* OR risk*))                                                                                                  

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

4. TOPIC: (cow* OR cattle OR bovine*)                                                                                       

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

5. #2 OR #1                                                                                                                       

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

6. #5 AND #3                                                                                                                                

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

7. #6 AND #4                                                                                                                      

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

8. #6 AND #4 Refined by: [excluding] RESEARCH AREAS: ( VETERINARY 

SCIENCES ) Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC 

Timespan=All years 

9. #6 AND #4 Refined by: [excluding] RESEARCH AREAS: ( VETERINARY 

SCIENCES ) AND LANGUAGES: ( ENGLISH )                                                                                        

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 
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PubMed Search Strategy (conducted 3 April 2017, retrieved 564 
articles) 

((((((dairying) OR ((dairy and (industr* or farm* or compan* or business* or 

production or herd*)))) AND Humans[Mesh] AND English[lang])) OR ((((milk* 

or "milk production"))) AND Humans[Mesh] AND English[lang])) AND 

((("public health") OR ((health* adj2 (population* or public* or impact* or 

effect* or outcome* or threat* or risk*)))) AND Humans[Mesh] AND 

English[lang])) AND ((((cattle) OR cow*) OR bovine*) AND Humans[Mesh] 

AND English[lang]) Filters: Humans; English 

 

Google Scholar Search Strategy (conducted 10 April 2017, retrieved 
2,110 articles) 

keyword: ((dairying OR (dairy AND (farm* OR production))) AND ("public 

health") AND (cattle OR cow* OR bovine*) -sheep -goat -camel -buffalo) since 

2016, excluding patents and citations 
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Appendix B 

Search strategies for review of methodologies for assessing 

environmental health impacts of an agricultural system 

Medline search strategy (conducted 11 July 2017, retrieved 173 articles) 

1. exp *Environmental Exposure/ or exp *Environmental Pollution/ or exp *Environment/  

2. an.fs. [Analysis]  

3. 1 and 2  

4. ((environment* or health or ecolog*) adj2 (impact* or effect* or pollut* or toxic* or 

influenc* or consequence* or outcome* or ramification* or repercussion* or negative* or 

positive* or risk* or consequence*)).ti.  

5. 3 or 4  

6. exp *animal husbandry/ or dairying/ or Livestock/  

7. (livestock or "live-stock" or dairying or (dairy adj1 (farm* or production or industr* or 

intensive* or herd* or land*))).ti.  

8. 6 or 7  

9. 5 and 8  

10. *Risk Assessment/mt or exp *Data Collection/mt [Methods]  

11. (assess* or measur* or evaluat* or calculate or quantify or test* or analys*).ti.  

12. 10 or 11  

13. 9 and 12  

14. limit 13 to english language 

 

Scopus search strategy (conducted 11 July 2017, retrieved 437 articles) 

( ( TITLE-ABS-KEY ( "environmental exposure"  OR  environment* )  OR  

TITLE ( environment*  OR  health  OR  ecolog*  W/2  ( impact*  OR  effect*  

OR  pollut*  OR  toxic*  OR  influenc*  OR  consequence*  OR  outcome*  OR  

ramification*  OR  repercussion*  OR  negative*  OR  positive*  OR  risk*  OR  

hazard* ) ) ) )   

AND   

( TITLE ( "animal husbandry"  OR  "livestock production"  OR  livestock  OR  

dairying  OR  ( dairy*  W/1  ( farm*  OR  production  OR  industr*  OR  

intensive*  OR  herd*  OR  land* ) ) ) )   

AND   

( ( TITLE-ABS-KEY ( "risk assessment"  OR  "impact assessment" )  OR  TITLE 

( assess*  OR  measur*  OR  evaluat*  OR  calculate  OR  quantify  OR  test*  OR  

analy* ) ) )   

AND   



 426 

( LIMIT-TO ( DOCTYPE ,  "ar" )  OR  LIMIT-TO ( DOCTYPE ,  "re" )  OR  

LIMIT-TO ( DOCTYPE ,  "ip" ) )   

AND   

( LIMIT-TO ( SRCTYPE ,  "j" ) )  AND  ( LIMIT-TO ( LANGUAGE ,  

"English" ) )  AND  ( EXCLUDE ( SUBJAREA ,  "VETE" ) ) 

 

Web of Science search strategy (conducted 12 July 2017, retrieved 697 
articles) 

1. TITLE: ((environment* or health or ecology*) NEAR/2 (impact* or effect* or pollut* or 

toxic* or influenc* or consequence* or outcome* or ramification* or repercussion* or 

risk* or benefit* or positive* or negative*))  

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

2. TOPIC: (“animal husbandry” or dairying or livestock or agriculture*)  

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

3. TITLE: (livestock or dairy* or agricultur* NEAR/1 (farm* or production or industr* or 

intensi* or herd* or land*)) 

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

4. TITLE: (assess* or measure* or evaluat* or calculate* or quantif* or analy*)  

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

5. #3 OR #2  

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

6. #5 AND #4 AND #1  

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

7. #5 AND #4 AND #1 Refined by: DOCUMENT TYPES: ( ARTICLE )  

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

8. #5 AND #4 AND #1 Refined by: DOCUMENT TYPES: ( ARTICLE ) AND 

LANGUAGES: ( ENGLISH )  

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, IC Timespan=All 

years 

GreenLINE search strategy (conducted 12 July 2017, retrieved 130 
articles) 

1. TI ( livestock or “live-stock”or dairying or “animal husbandry” or (dairy N1 (farm* or 

production or industr* or intensive* or herd* or land*)) ) OR SU (livestock or “live-

stock”or dairying or “animal husbandry” or (dairy N1 (farm* or production or industr* or 

intensive* or herd* or land*)) ) OR KW (livestock or “live-stock”or dairying or “animal 

husbandry” or (dairy N1 (farm* or production or industr* or intensive* or herd* or 

land*)) ) 

2. TI ( (environment* or health or ecology*) N2 (indicat* or impact* or effect* or pollut* or 

toxic* or influenc* or consequence* or outcome* or ramification* or repercussion* or 
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negative* or positive* or risk*) ) OR SU ( (environment* or health or ecology*) N2 

(indicat* or impact* or effect* or pollut* or toxic* or influenc* or consequence* or 

outcome* or ramification* or repercussion* or negative* or positive* or risk*) ) OR KW 

( (environment* or health or ecology*) N2 (indicat* or impact* or effect* or pollut* or 

toxic* or influenc* or consequence* or outcome* or ramification* or repercussion* or 

negative* or positive* or risk*) ) 

3. S1 AND S2 

4. TI ( assess* or measure* or evaluat* or calculate or quantify or test* or analys* or 

estimate* or determin* or indicat* ) OR SU ( assess* or measure* or evaluat* or calculate 

or quantify or test* or analys* or estimate* or determin* or indicat* ) OR KW ( assess* 

or measure* or evaluat* or calculate or quantify or test* or analys* or estimate* or 

determin* or indicat* ) 

5. S3 AND S4 

6. S3 AND S4, Narrow by Language: - English 
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Appendix C Empirical Bayes Smoothed 5-year average disease rates for 1997-2001, 2002-2006, and 

2009-2013 at the meshblock level in New Zealand 

 
Empirical Bayes Smoothed incidence rates for campylobacteriosis in New Zealand for the periods 1997-2001, 2002-2006, and 2009-2013 

at the meshblock level 
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Empirical Bayes Smoothed incidence rates for cryptosporidiosis in New Zealand for the periods 1997-2001, 2002-2006, and 2009-2013 at 

the meshblock level 
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Empirical Bayes Smoothed incidence rates for giardiasis in New Zealand for the periods 1997-2001, 2002-2006, and 2009-2013 at the 

meshblock level 
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Empirical Bayes Smoothed incidence rates for salmonellosis in New Zealand for the periods 1997-2001, 2002-2006, and 2009-2013 at the 

meshblock level 
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Empirical Bayes Smoothed incidence rates for STEC/VTEC infection in New Zealand for the periods 1997-2001, 2002-2006, and 2009-

2013 at the meshblock level 
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Appendix D                                                                              

Exploratory analyses of enteric zoonotic disease rates and 

dairy density and exposure at the meshblock level in New 

Zealand 

Scatterplots of 5-year average disease rates for the period 1997-2001 versus 

dairy cattle density in 2000 at the meshblock level in New Zealand 
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Scatterplots of 5-year average disease rates for the period 2002-2006 versus 

dairy cattle density in 2006 at the meshblock level in New Zealand 
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Scatterplots of 5-year average disease rates for the period 2006-2013 versus 

dairy cattle density in 2014 at the meshblock level in New Zealand 
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Analyses of change in zoonotic enteric disease rates and change in dairy cattle 

density at the meshblock level in New Zealand 

Change in 5-year average disease notification rates from the period 1997-2001 to the 

period 2009-2013 by change in dairy density from 2000 to 2014 at the 

meshblock level in New Zealand 

 

 
Mean change in 5-year average disease rates per 100,000 population at the meshblock level 

in New Zealand from the period 1997-2001 to the period 2009-2013, by categories of dairy 

cattle density change 
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Campylobacteriosis 

Comparison of mean change in campylobacteriosis 5-year average rates per 100,000 

population from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, 

by categories of change in dairy cattle density from 2000 to 2014 

Categories of dairy cattle density change  Frequency Mean Std. Deviation 

Decrease  2026 64.8981 943.40532 

No change 1144 -16.9529 1533.26733 
Small increase  2570 -16.9838 1404.10202 

Medium increase  2570 -47.5933 1162.23880 

Large increase  2569 -91.3619 1129.88340 
No Dairy  30483 -87.9714 894.84582 

Total 41362 -71.8102 992.83812 

 
Statistical results (Kruskal-Wallis H test) of comparison of the mean change in 

campylobacteriosis 5-year average rate per 100,000 population from the period 1997-2001 to 

the period 2009-2013 for New Zealand meshblocks, by categories of change in dairy cattle 

density 

Total N 41362 

Test Statistic 524.594a 

Degree of Freedom 5 
Asymptotic Sig.(2-sided test) .000 

a. The test statistic is adjusted for ties. 

 
Pairwise comparison of the mean change in campylobacteriosis 5-year average rate per 

100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand 

meshblocks, by categories of change in dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 

Statistic 

Std. Error Std. Test 

Statistic 

Sig. Adj. Sig.
a
 

No Dairy - Large increase 2001.901 240.279 8.332 .000 .000 

No Dairy - Medium increase 2632.848 240.236 10.959 .000 .000 

No Dairy - Small increase 3313.280 240.236 13.792 .000 .000 
No Dairy - No change 3379.864 352.220 9.596 .000 .000 

No Dairy - Decrease 3619.840 268.337 13.490 .000 .000 

Large increase - Medium increase 630.948 326.301 1.934 .053 .797 
Large increase - Small increase 1311.379 326.301 4.019 .000 .001 

Large increase - No change 1377.963 415.714 3.315 .001 .014 

Large increase - Decrease 1617.939 347.511 4.656 .000 .000 

Medium increase - Small increase 680.431 326.269 2.085 .037 .555 
Medium increase - No change 747.015 415.689 1.797 .072 1.000 

Medium increase - Decrease 986.991 347.481 2.840 .005 .068 

Small increase - No change 66.584 415.689 .160 .873 1.000 
Small increase - Decrease 306.560 347.481 .882 .378 1.000 

No change - Decrease 239.976 432.538 .555 .579 1.000 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 
a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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Cryptosporidiosis 

Comparison of mean change in cryptosporidiosis 5-year average rates per 100,000 

population from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, 

by categories of change in dairy cattle density from 2000 to 2014 

Categories of dairy cattle density change  Frequency Mean Std. Deviation 

Decrease  2026 9.3383 376.29441 

No change  1144 6.2821 284.59627 
Small increase  2570 6.7144 335.94361 

Medium increase  2570 -22.7413 384.66862 

Large increase  2569 -24.7120 362.71769 
No Dairy 30483 -.1204 196.34530 

Total 41362 -1.9883 249.04910 

 
Statistical results (Kruskal-Wallis H test) of comparison of the mean change in 

cryptosporidiosis 5-year average rate per 100,000 population from the period 1997-2001 to 

the period 2009-2013 for New Zealand meshblocks, by categories of change in dairy cattle 

density 

Total N 41362 

Test Statistic 43.550a 

Degree of Freedom 5 
Asymptotic Sig.(2-sided test) .000 

a. The test statistic is adjusted for ties. 

 
Pairwise comparison of the mean change in cryptosporidiosis 5-year average rate per 

100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand 

meshblocks, by categories of change in dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 

Statistic 

Std. Error Std. Test 

Statistic 

Sig. Adj. Sig.
a
 

Large increase - Medium increase 52.053 209.787 .248 .804 1.000 

Large increase - No change 266.515 267.273 .997 .319 1.000 

Large increase - No Dairy -325.575 154.481 -2.108 .035 .526 
Large increase - Small increase 824.550 209.787 3.930 .000 .001 

Large increase - Decrease  1156.448 223.423 5.176 .000 .000 

Medium increase - No change 214.463 267.257 .802 .422 1.000 
Medium increase - No Dairy -273.523 154.454 -1.771 .077 1.000 

Medium increase - Small increase 772.497 209.767 3.683 .000 .003 

Medium increase - Decrease 1104.395 223.404 4.943 .000 .000 

No change - No Dairy -59.060 226.451 -.261 .794 1.000 
No change - Small increase -558.035 267.257 -2.088 .037 .552 

No change - Decrease 889.933 278.090 3.200 .001 .021 

No Dairy - Small increase 498.975 154.454 3.231 .001 .019 
No Dairy - Decrease 830.873 172.521 4.816 .000 .000 

Small increase - Decrease 331.898 223.404 1.486 .137 1.000 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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Giardiasis 

Comparison of mean change in giardiasis 5-year average rates per 100,000 population from 

the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, by categories of 

change in dairy cattle density from 2000 to 2014 

Categories of dairy cattle density change  Frequency Mean Std. Deviation 

Decrease  2026 16.2470 290.63906 

No change  1144 14.7825 289.81616 
Small increase  2570 -5.2316 499.32069 

Medium increase  2570 -9.5508 381.24374 

Large increase  2569 -38.6116 547.63730 
No Dairy  30483 -4.0497 385.19093 

Total 41362 -5.0966 398.80089 

 
Statistical results (Kruskal-Wallis H test) of comparison of the mean change in giardiasis 5-

year average rate per 100,000 population from the period 1997-2001 to the period 2009-2013 

for New Zealand meshblocks, by categories of change in dairy cattle density 

Total N 41362 
Test Statistic 40.899a 

Degree of Freedom 5 

Asymptotic Sig.(2-sided test) .000 

a. The test statistic is adjusted for ties. 

 
Pairwise comparison of the mean change in giardiasis 5-year average rate per 100,000 

population from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, 

by categories of change in dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 

Sig. Adj. 

Sig.
a
 

Large increase - No Dairy -192.309 186.617 -1.031 .303 1.000 
Large increase - Medium increase 652.400 253.428 2.574 .010 .151 

Large increase - No change 866.907 322.873 2.685 .007 .109 

Large increase - Small increase 885.620 253.428 3.495 .000 .007 
Large increase - Decrease 1079.191 269.901 3.998 .000 .001 

No Dairy - Medium increase 460.090 186.584 2.466 .014 .205 

No Dairy - No change 674.598 273.559 2.466 .014 .205 
No Dairy - Small increase 693.311 186.584 3.716 .000 .003 

No Dairy - Decrease 886.881 208.409 4.255 .000 .000 

Medium increase - No change 214.507 322.854 .664 .506 1.000 

Medium increase - Small increase 233.221 253.404 .920 .357 1.000 
Medium increase - Decrease 426.791 269.878 1.581 .114 1.000 

No change - Small increase -18.713 322.854 -.058 .954 1.000 

No change - Decrease 212.284 335.940 .632 .527 1.000 
Small increase - Decrease 193.570 269.878 .717 .473 1.000 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the 

same. 

Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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Salmonellosis 

Comparison of mean change in salmonellosis 5-year average rates per 100,000 population 

from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, by 

categories of change in dairy cattle density from 2000 to 2014 

Categories of dairy cattle density change  Frequency Mean Std. Deviation 

Decrease 2026 -4.2466 224.57290 

No change 1144 -31.0892 473.58903 
Small increase 2570 -25.7415 458.08901 

Medium increase 2570 -47.6798 428.14571 

Large increase 2569 -28.7162 257.56121 
No Dairy 30483 -21.9650 282.16520 

Total 41362 -23.6012 309.74362 

 
Statistical results (Kruskal-Wallis H test) of comparison of the mean change in salmonellosis 

5-year average rate per 100,000 population from the period 1997-2001 to the period 2009-

2013 for New Zealand meshblocks, by categories of change in dairy cattle density 

Total N 41362 
Test Statistic 57.980a 

Degree of Freedom 5 

Asymptotic Sig.(2-sided test) .000 

a. The test statistic is adjusted for ties. 

 
Pairwise comparison of the mean change in salmonellosis 5-year average rate per 100,000 

population from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, 

by categories of change in dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 

Sig. Adj. Sig.
a
 

No Dairy - Medium increase  393.598 187.866 2.095 .036 .542 
No Dairy - No change 473.246 275.438 1.718 .086 1.000 

No Dairy - Large increase 627.337 187.899 3.339 .001 .013 

No Dairy - Small increase 841.991 187.866 4.482 .000 .000 
No Dairy - Decrease 1175.595 209.841 5.602 .000 .000 

Medium increase - No change 79.649 325.071 .245 .806 1.000 

Medium increase - Large increase -233.739 255.169 -.916 .360 1.000 
Medium increase - Small increase 448.394 255.144 1.757 .079 1.000 

Medium increase - Decrease 781.997 271.732 2.878 .004 .060 

No change - Large increase -154.091 325.091 -.474 .636 1.000 

No change - Small increase -368.745 325.071 -1.134 .257 1.000 
No change - Decrease 702.349 338.247 2.076 .038 .568 

Large increase - Small increase 214.654 255.169 .841 .400 1.000 

Large increase - Decrease  548.258 271.755 2.017 .044 .655 
Small increase - Decrease 333.604 271.732 1.228 .220 1.000 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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STEC/VTEC Infection 

Comparison of mean change in STEC/VTEC infection 5-year average rates per 100,000 

population from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, 

by categories of change in dairy cattle density from 2000 to 2014 

Categories of dairy cattle density change  Frequency Mean Std. Deviation 

Decrease  2026 7.3634 98.53386 

No change 1144 3.1991 63.76051 
Small increase 2570 6.8538 110.93461 

Medium increase 2570 4.6298 107.68443 

Large increase  2569 -.0366 94.63499 
No Dairy 30483 2.5179 127.12215 

Total 41362 3.0161 120.58462 

 
Statistical results (Kruskal-Wallis H test) of comparison of the mean change in STEC/VTEC 

infection 5-year average rate per 100,000 population from the period 1997-2001 to the 

period 2009-2013 for New Zealand meshblocks, by categories of change in dairy cattle 

density 

Total N 41362 

Test Statistic 36.634a 

Degree of Freedom 5 
Asymptotic Sig.(2-sided test) .000 

a. The test statistic is adjusted for ties. 

 
Pairwise comparison of the mean change in STEC/VTEC infection 5-year average rate per 

100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand 

meshblocks, by categories of change in dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 

Sig. Adj. Sig.
a
 

Large increase - No Dairy -11.291 62.262 -.181 .856 1.000 

Large increase - No change 49.639 107.721 .461 .645 1.000 

Large increase - Small increase 200.745 84.552 2.374 .018 .264 
Large increase - Medium increase 249.268 84.552 2.948 .003 .048 

Large increase - Decrease 297.532 90.048 3.304 .001 .014 

No Dairy - No change 38.349 91.269 .420 .674 1.000 
No Dairy - Small increase 189.454 62.251 3.043 .002 .035 

No Dairy - Medium increase 237.977 62.251 3.823 .000 .002 

No Dairy - Decrease 286.241 69.532 4.117 .000 .001 

No change - Small increase -151.106 107.715 -1.403 .161 1.000 
No change - Medium increase -199.628 107.715 -1.853 .064 .958 

No change - Decrease 247.893 112.081 2.212 .027 .405 

Small increase - Medium increase -48.522 84.544 -.574 .566 1.000 
Small increase - Decrease 96.787 90.041 1.075 .282 1.000 

Medium increase - Decrease 48.265 90.041 .536 .592 1.000 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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Analyses of change in zoonotic enteric disease rates and change in exposure to 

dairy cattle density at the meshblock level in New Zealand 

Change in 5-year average disease notification rates from the period 1997-2001 to the 

period 2009-2013 by change in exposure to dairy density from 2000 to 2014 at 

the meshblock level in New Zealand 

 

 
Mean change in 5-year average disease rates per 100,000 population at the meshblock level 

in New Zealand from the period 1997-2001 to the period 2009-2013, by categories of change 

in exposure to dairy cattle density 
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Campylobacteriosis 

Comparison of mean change in campylobacteriosis 5-year average rates per 100,000 

population from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, 

by categories of change in exposure to dairy cattle density from 2000 to 2014 

Categories of change in exposure 

to dairy density change Frequency Mean Std. Deviation 

New exposure 5589 -52.2862 1277.97754 
Increase  2974 -42.2776 1306.14113 

Decrease 2216 67.3383 913.87211 

Intermittent 96 -212.5370 1641.65635 
Other 4 140.1875 280.37500 

No dairy  30483 -87.9714 894.84582 

Total 41362 -71.8102 992.83812 

 
Statistical results (Kruskal-Wallis H test) of comparison of the mean change in 

campylobacteriosis 5-year average rate per 100,000 population from the period 1997-2001 to 

the period 2009-2013 for New Zealand meshblocks, by categories of change in exposure to 

dairy cattle density from 2000 to 2014 

Total N 41362 

Test Statistic 511.129a 
Degree of Freedom 5 

Asymptotic Sig.(2-sided test) .000 

a. The test statistic is adjusted for ties. 

 
Pairwise comparison of the mean change in campylobacteriosis 5-year average rate per 

100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand 

meshblocks, by categories of change in exposure to dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 

Sig. Adj. Sig.
a
 

No dairy - New exposure 2558.769 170.183 15.035 .000 .000 

No dairy - Intermittent 2842.320 1195.568 2.377 .017 .262 
No dairy - Increase 2960.359 224.684 13.176 .000 .000 

No dairy - Decrease 3709.858 257.324 14.417 .000 .000 

No dairy - Other 6454.336 5848.248 1.104 .270 1.000 
New exposure - Intermittent -283.551 1203.898 -.236 .814 1.000 

New exposure - Increase -401.590 265.462 -1.513 .130 1.000 

New exposure - Decrease -1151.088 293.604 -3.921 .000 .001 

New exposure - Other -3895.567 5849.956 -.666 .505 1.000 
Intermittent - Increase 118.039 1212.803 .097 .922 1.000 

Intermittent - Decrease 867.538 1219.272 .712 .477 1.000 

Intermittent - Other -3612.016 5968.451 -.605 .545 1.000 
Increase - Decrease -749.499 328.213 -2.284 .022 .336 

Increase - Other -3493.977 5851.795 -.597 .550 1.000 

Decrease - Other -2744.478 5853.140 -.469 .639 1.000 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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Cryptosporidiosis 

Comparison of mean change in cryptosporidiosis 5-year average rates per 100,000 

population from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, 

by categories of change in exposure to dairy cattle density from 2000 to 2014 

Categories of change in exposure to dairy density  Frequency Mean Std. Deviation 

New exposure 5589 -15.0455 366.76457 
Increase  2974 -2.8668 334.74716 

Decrease 2216 7.8552 365.21693 

Intermittent 96 -35.0004 302.01688 
Other 4 .0000 .00000 

No dairy 30483 -.1204 196.34530 

Total 41362 -1.9883 249.04910 

 

Statistical results (Kruskal-Wallis H test) of comparison of the mean change in 

cryptosporidiosis 5-year average rate per 100,000 population from the period 1997-2001 to 

the period 2009-2013 for New Zealand meshblocks, by categories of change in exposure to 

dairy cattle density from 2000 to 2014 

Total N 41362 

Test Statistic 29.691a 

Degree of Freedom 5 

Asymptotic Sig.(2-sided test) .000 

a. The test statistic is adjusted for ties. 

 
Pairwise comparison of the mean change in cryptosporidiosis 5-year average rate per 

100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand 

meshblocks, by categories of change in exposure to dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 

Sig. Adj. Sig.
a
 

Intermittent - Other -544.651 3837.268 -.142 .887 1.000 

Intermittent - New exposure 667.166 774.017 .862 .389 1.000 

Intermittent - No dairy -855.800 768.661 -1.113 .266 1.000 
Intermittent - Increase 1146.206 779.742 1.470 .142 1.000 

Intermittent - Decrease 1592.624 783.901 2.032 .042 .633 

 Other - New exposure 122.515 3761.085 .033 .974 1.000 
Other - No dairy  -311.149 3759.986 -.083 .934 1.000 

Other - Increase  601.555 3762.267 .160 .873 1.000 

Other - Decrease  1047.972 3763.131 .278 .781 1.000 

New exposure - No dairy -188.634 109.415 -1.724 .085 1.000 
New exposure - Increase -479.040 170.672 -2.807 .005 .075 

New exposure - Decrease -925.458 188.765 -4.903 .000 .000 

No dairy - Increase  290.406 144.455 2.010 .044 .666 
No dairy - Decrease 736.824 165.440 4.454 .000 .000 

Increase - Decrease -446.417 211.016 -2.116 .034 .516 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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Giardiasis 

Comparison of mean change in giardiasis 5-year average rates per 100,000 population from 

the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, by categories of 

change in exposure to dairy cattle density from 2000 to 2014 

Categories of change in exposure 

to dairy density 

Frequency Mean Std. Deviation 

New exposure 5589 -10.8960 456.74917 
Increase  2974 -20.6631 481.73730 

Decrease 2216 17.3022 284.23460 

Intermittent 96 -34.8813 443.24366 
Other 4 .0000 .00000 

No dairy 30483 -4.0497 385.19093 

Total 41362 -5.0966 398.80089 

 

Statistical results (Kruskal-Wallis H test) of comparison of the mean change in giardiasis 5-

year average rate per 100,000 population from the period 1997-2001 to the period 2009-2013 

for New Zealand meshblocks, by categories of change in exposure to dairy cattle density 

from 2000 to 2014 

Total N 41362 

Test Statistic 29.318a 

Degree of Freedom 5 
Asymptotic Sig.(2-sided test) .000 

a. The test statistic is adjusted for ties. 

 
Pairwise comparison of the mean change in giardiasis 5-year average rate per 100,000 

population from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, 

by categories of change in exposure to dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 

Sig. Adj. Sig.
a
 

No dairy - Other 231.821 4542.163 .051 .959 1.000 

No dairy - New exposure 313.518 132.176 2.372 .018 .265 

No dairy - Increase 367.831 174.505 2.108 .035 .526 
No dairy - Decrease  939.890 199.856 4.703 .000 .000 

No dairy - Intermittent 1133.857 928.563 1.221 .222 1.000 

Other - New exposure 81.697 4543.490 .018 .986 1.000 
Other - Increase 136.010 4544.918 .030 .976 1.000 

Other - Decrease 708.069 4545.962 .156 .876 1.000 

Other - Intermittent 902.036 4635.522 .195 .846 1.000 
New exposure - Increase -54.313 206.177 -.263 .792 1.000 

New exposure - Decrease -626.372 228.034 -2.747 .006 .090 

New exposure - Intermittent -820.339 935.033 -.877 .380 1.000 

Increase - Decrease -572.059 254.913 -2.244 .025 .372 
Increase - Intermittent -766.026 941.949 -.813 .416 1.000 

Decrease - Intermittent -193.967 946.973 -.205 .838 1.000 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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Salmonellosis 

Comparison of mean change in salmonellosis 5-year average rates per 100,000 population 

from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, by 

categories of change in exposure to dairy cattle density from 2000 to 2014 

Categories of change in 

exposure to dairy density Frequency Mean Std. Deviation 

New exposure 5589 -28.4265 365.03041 
Increase 2974 -43.1071 458.43240 

Decrease 2216 -3.4713 225.68235 

Intermittent  96 -120.4467 767.08643 
Other 4 -75.7575 151.51500 

No dairy 30483 -21.9650 282.16520 

Total 41362 -23.6012 309.74362 

 

Statistical results (Kruskal-Wallis H test) of comparison of the mean change in salmonellosis 

5-year average rate per 100,000 population from the period 1997-2001 to the period 2009-

2013 for New Zealand meshblocks, by categories of change in exposure to dairy cattle 

density from 2000 to 2014 

Total N 41362 

Test Statistic 56.904a 

Degree of Freedom 5 
Asymptotic Sig.(2-sided test) .000 

a. The test statistic is adjusted for ties. 

 
Pairwise comparison of the mean change in salmonellosis 5-year average rate per 100,000 

population from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, 

by categories of change in exposure to dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 

Sig. Adj. Sig.
a
 

Other - Intermittent 2844.391 4667.362 .609 .542 1.000 

Other - No dairy -3707.716 4573.362 -.811 .418 1.000 

Other - Increase 4275.653 4576.137 .934 .350 1.000 
Other - New exposure 4365.292 4574.698 .954 .340 1.000 

Other - Decrease 4810.475 4577.188 1.051 .293 1.000 

Intermittent - No dairy -863.326 934.941 -.923 .356 1.000 
Intermittent - Increase 1431.262 948.419 1.509 .131 1.000 

Intermittent - New exposure 1520.901 941.455 1.615 .106 1.000 

Intermittent - Decrease 1966.085 953.478 2.062 .039 .588 
No dairy - Increase 567.937 175.704 3.232 .001 .018 

No dairy - New exposure 657.576 133.084 4.941 .000 .000 

No dairy - Decrease 1102.759 201.229 5.480 .000 .000 

Increase - New exposure 89.639 207.593 .432 .666 1.000 
Increase - Decrease -534.822 256.664 -2.084 .037 .558 

New exposure - Decrease -445.183 229.600 -1.939 .053 .788 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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STEC/VTEC Infection 

Comparison of mean change in STEC/VTEC infection 5-year average rates per 100,000 

population from the period 1997-2001 to the period 2009-2013 for New Zealand meshblocks, 

by categories of change in exposure to dairy cattle density from 2000 to 2014 

Categories of change in 

exposure to dairy density Frequency Mean Std. Deviation 

New exposure 5589 .6075 85.72916 
Increase  2974 9.3078 124.97116 

Decrease 2216 6.8685 94.34767 

Intermittent 96 17.7005 121.25266 
Other 4 .0000 .00000 

No dairy 30483 2.5179 127.12215 

Total 41362 3.0161 120.58462 

 

Statistical results (Kruskal-Wallis H test) of comparison of the mean change in STEC/VTEC 

infection 5-year average rate per 100,000 population from the period 1997-2001 to the 

period 2009-2013 for New Zealand meshblocks, by categories of change in exposure to dairy 

cattle density from 2000 to 2014 

Total N 41362 

Test Statistic 55.112a 

Degree of Freedom 5 
Asymptotic Sig.(2-sided test) .000 

a. The test statistic is adjusted for ties. 

 
Pairwise comparison of the mean change in STEC/VTEC infection 5-year average rate per 

100,000 population from the period 1997-2001 to the period 2009-2013 for New Zealand 

meshblocks, by categories of change in exposure to dairy cattle density from 2000 to 2014 

Sample 1-Sample 2 Test 

Statistic 

Std. 

Error 

Std. Test 

Statistic 

Sig. Adj. Sig.
a
 

Other - New exposure 193.397 1515.863 .128 .898 1.000 

Other - No dairy -198.062 1515.420 -.131 .896 1.000 

Other - Decrease 461.218 1516.688 .304 .761 1.000 
Other - Increase 565.747 1516.339 .373 .709 1.000 

Other - Intermittent 651.182 1546.568 .421 .674 1.000 

New exposure - No dairy -4.665 44.098 -.106 .916 1.000 
New exposure - Decrease -267.821 76.080 -3.520 .000 .006 

New exposure - Increase -372.350 68.788 -5.413 .000 .000 

New exposure - Intermittent -457.785 311.959 -1.467 .142 1.000 
No dairy - Decrease 263.156 66.679 3.947 .000 .001 

No dairy - Increase 367.686 58.221 6.315 .000 .000 

No dairy - Intermittent 453.121 309.800 1.463 .144 1.000 

Decrease - Increase 104.530 85.048 1.229 .219 1.000 
Decrease - Intermittent -189.965 315.942 -.601 .548 1.000 

Increase - Intermittent -85.435 314.266 -.272 .786 1.000 
Each row tests the null hypothesis that the Sample 1 and Sample 2 distributions are the same. 

Asymptotic significances (2-sided tests) are displayed. The significance level is .05. 

a. Significance values have been adjusted by the Bonferroni correction for multiple tests. 
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Appendix E                                                                              

Exploratory analyses of enteric zoonotic disease rates and 

dairy cattle density and exposure at the census area unit level 

in New Zealand 

Scatterplots of 5-year average disease rates for the period 1997-2001 versus 

dairy cattle density in 2000 at the census area unit level in New Zealand 
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Scatterplots of 5-year average disease rates for the period 2002-2006 versus 

dairy cattle density in 2006 at the census area unit level in New Zealand 
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Scatterplots of 5-year average disease rates for the period 2009-2013 versus 

dairy cattle density in 2014 at the census area unit level in New Zealand 
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Change in disease rates by change in dairy density and exposure at the census 

area unit level restricted by age and deprivation status 

Change in 5-year average disease notification rates from the period 1997-2001 to the 

period 2009-2013 by categories of change in diary density and categories of 

change in exposure to dairy cattle density from 2000 to 2014 with data 

restricted to most deprived census area units, least deprived census area 

units, and notified cases in children under the age of five years 

 

 
Mean change in 5-year average disease rates per 100,000 population at the census area unit 

level in New Zealand from the period 1997-2001 to the period 2009-2013, by categories of 

dairy cattle density change, for the most deprived tertile of census area units 
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Mean change in 5-year average disease rates per 100,000 population at the census area unit 

level in New Zealand from the period 1997-2001 to the period 2009-2013, by categories of 

dairy cattle density change, for the least deprived tertile of census area units 
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Mean change in 5-year average disease rates per 100,000 population at the census area unit 

level in New Zealand from the period 1997-2001 to the period 2009-2013, by categories of 

dairy cattle density change, for children under the age of five years 
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Mean change in 5-year average disease rates per 100,000 population at the census area unit 

level in New Zealand from the period 1997-2001 to the period 2009-2013, by categories of 

change in exposure to dairy cattle density, for the most deprived tertile of census area units 
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Mean change in 5-year average disease rates per 100,000 population at the census area unit 

level in New Zealand from the period 1997-2001 to the period 2009-2013, by categories of 

change in exposure to dairy cattle density, for the least deprived tertile of census area units 
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Mean change in 5-year average disease rates per 100,000 population at the census area unit 

level in New Zealand from the period 1997-2001 to the period 2009-2013, by categories of 

change in exposure to dairy cattle density, for children under the age of five years 
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Appendix F                                                                                        

Time series plots for giardiasis, salmonellosis, and STEC infection 

notification rates in New Zealand, 1997-2015 

Seasonality of Giardiasis, Salmonellosis, and STEC Infection in New Zealand 

Giardiasis typically shows limited seasonality, although there tend to be moderately elevated rates in 

autumn and slightly lower rates in the spring in New Zealand (Snel 2009a). Studies have reported limited 

differences in seasonality between urban and rural areas for giardiasis (Snel 2009a). G. duodenalis can be 

carried by adult mammals year-round, which might be why limited seasonality has been observed (Snel 

2009a). 

It has been reported that in New Zealand there is an association between peak salmonellosis rates in 

humans and farming practices and occupational contact with livestock (Lal 2012a). A review of the 

epidemiology of salmonellosis in New Zealand from 1997 to 2008 found that incidence was twice as high 

in summer as in winter (Lal 2012a). Additionally, there was a higher risk for infection in rural areas than 

urban areas (RR 1.23, 95%CI 1.22-1.24 for notifications) (Lal 2012a). A spring peak in rural areas was 

also identified, along with regional increases in zoonotic strains (Lal 2012a).  

Human cases of Shiga toxin-producing E. coli infection have been reported to peak between January and 

April (i.e. summer/autumn) (Jaros 2013). Travel to areas of New Zealand with interrupted water supply, 

or to areas without a main water supply, and contact with recreational water have been identified as 

significant environmental risk factors for sporadic infections and those activities tend to occur more 

frequently in summer months (Jaros 2013). However, seasonality in STEC cases may also be related to 

the seasonal variation in faecal STEC shedding in cattle (Jaros 2013). 
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Time Series Plots by North and South Island 

Clear seasonal patterns were not readily apparent for giardiasis, salmonellosis, and STEC infection. 

Giardiasis rates appear to be consistently higher on the North Island than on the South Island over time. 

While there did not appear to be strong seasonal trends or differences between North and South Island 

salmonellosis rates, a decline in cases was evident after 2002. In the case of STEC infection, there were 

so few cases on the South Island that the series was smoothed to zero when fit with a loess curve. 

However, STEC infection cases seem to have rapidly increased since 2008, although this is likely to be 

due, in part, to changes in laboratory procedures. 
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Daily time series comparing giardiasis rates on the North and South Islands of New Zealand, 1997-2015. 
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Daily time series comparing salmonellosis rates on the North and South Islands of New Zealand, 1997-2015. 
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Daily time series comparing STEC/VTEC infection rates on the North and South Islands of New Zealand, 1997-2015.
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Time Series Plots by Urban/Rural Profile 

In this study, a clear pattern was not observed for giardiasis rates over time. However, rural rates showed 

more variation than urban rates, occasionally dropping down to zero. While salmonellosis cases do not 

display a seasonal trend as clear as those observed for campylobacteriosis and cryptosporidiosis, a spring 

peak is consistently evident in rural areas. Additionally, rural peaks in rates appear to precede urban 

peaks. It was again difficult to detect patterns for STEC infection rates due to the small number of cases.
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Daily time series comparing giardiasis rates in urban and rural areas of New Zealand, 1997-2015. 
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Daily time series comparing salmonellosis rates in urban and rural areas of New Zealand, 1997-2015. 
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Daily time series comparing STEC/VTEC infection rates in urban and rural areas of New Zealand, 1997-2015.
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Time Series Plots by Average Dairy Cattle Density 

Patterns of giardiasis and salmonellosis rates in areas with no dairy cattle were also distinct from areas 

with dairy cattle. For both diseases, rates in areas with no dairy were consistently high, while areas with 

dairy cattle displayed peaks in rates from a baseline of approximately zero. STEC infection rates in areas 

with dairy cattle were smoothed to zero when fitted with a loess curve, with the exception of a single peak 

in areas with medium dairy cattle density.
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Daily time series comparing giardiasis rates in areas with different average dairy cattle densities in New Zealand, 1997-2015. 
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Daily time series comparing salmonellosis rates in areas with different average dairy cattle densities in New Zealand, 1997-2015. 
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Daily time series comparing STEC/VTEC infection rates in areas with different average dairy cattle densities in New Zealand, 1997-2015.
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Time Series Plots by Change in Dairy Cattle Density 

Giardiasis and salmonellosis rates in areas with no dairy cattle were also distinct from areas with dairy 

cattle. Rates in areas with no dairy cattle were consistently high, while areas with dairy cattle showed 

occasional spikes in rates. STEC infection rates in areas with dairy cattle were smoothed to zero when 

fitted with a loess curve.
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Daily time series comparing giardiasis rates in areas with different trends in dairy cattle density in New Zealand, 1997-2015. 
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Daily time series comparing salmonellosis rates in areas with different trends in dairy cattle density in New Zealand, 1997-2015. 
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Daily time series comparing STEC/VTEC infection rates in areas with different trends in dairy cattle density in New Zealand, 1997-2015.
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Time Series Plots by Change in Exposure to Dairy Cattle Density 

The results were similar when time series data was plotted by change in exposure to dairy cattle density. 

Overall, it appeared that there may be a difference in incidence rates between areas with no dairy cattle 

and areas with dairy cattle. However, among the areas with dairy cattle, there did not appear to be a 

marked difference between different levels of dairy cattle density or different categories of exposure to 

dairy cattle density.
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Daily time series comparing giardiasis rates in areas with different trends in exposure to dairy cattle density in New Zealand, 1997-2015. 
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Daily time series comparing salmonellosis rates in areas with different trends in exposure to dairy cattle density in New Zealand, 1997-
2015. 
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Daily time series comparing STEC/VTEC infection rates in areas with different trends in exposure to dairy cattle density in New Zealand, 
1997-2015.
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Conclusions 

Overall, a decline in salmonellosis cases was evident after 2002. This may have been due to the 

introduction of vaccination across the poultry sector in New Zealand, although vaccination is not 

compulsory (ESR 2004). There also appeared to be a spring peak in salmonellosis cases in rural 

areas. Limited seasonality was observed for giardiasis and it was difficult to discern pattern for 

STEC infection due to small case numbers. Differences between disease notifications in urban 

and rural areas were apparent, suggesting that the determinants of disease are likely to differ by 

location. There also appeared to be differences in notification rates between areas with dairy cattle 

in comparison to areas with no dairy cattle. 
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Appendix G                                                                                    

Comparison of statistical clusters to environmental risk factors 

Campylobacteriosis clusters 
Campylobacteriosis cluster in Northland (Cluster 3; Table 32) 
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Campylobacteriosis clusters in Auckland and Waikato regions (Clusters 6,7, & 8; Table 32) 
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Campylobacteriosis clusters in the Wellington region (Clusters 2 & 4; Table 32) 
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Campylobacteriosis clusters in the Canterbury region (Clusters 1, 5, & 9; Table 32) 
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Cryptosporidiosis Clusters 

Cryptosporidiosis cluster in the Northland region (Cluster 17; Table 33) 
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Cryptosporidiosis clusters in the Auckland, Waikato and Bay of Plenty regions (Clusters 6-
8, 10, 18, 20, 26, 27, 30, 32, 37, & 38; Table 33) 
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Cryptosporidiosis cluster near Taupo in the Waikato region (Cluster 15; Table 33) 
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Cryptosporidiosis clusters in the Taranaki region (Clusters 13, 21, 22, & 34; Table 33) 
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Cryptosporidiosis cluster in the Gisborne region (Cluster 33, Table 33) 
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Cryptosporidiosis clusters in the Hawke’s Bay region (Clusters 4 & 36, Table 33) 
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Cryptosporidiosis cluster in the Manawatu-Wanganui region (Cluster 5; Table 33) 
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Cryptosporidiosis clusters in the Wellington region (Clusters 1, 3, & 28; Table 33) 
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Cryptosporidiosis cluster in the Nelson region (Cluster 11; Table 33) 
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Cryptosporidiosis clusters in the Canterbury region (Clusters 2, 9, & 23; Table 33) 
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Cryptosporidiosis clusters near Greymouth in the northern West Coast region (Clusters 19 
& 31; Table 33) 
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Cryptosporidiosis cluster in the southern West Coast region (Cluster 25; Table 33) 
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Cryptosporidiosis clusters near Dunedin in the Otago region (Clusters 12 & 29; Table 33) 
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Cryptosporidiosis cluster near Oamaru in the Otago region (Cluster 16; Table 33) 
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Cryptosporidiosis clusters in the Southland region (Clusters 14, 24, & 35; Table 33) 
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Appendix H                                                                                         

Boosted classification and regression tree (CRT) models 

Boosted CRT Model for Campylobacteriosis Clusters 

 
Boosted CRT Model Summary for Significant Campylobacteriosis Clusters in New Zealand, 

2011-2015 

 

Ranking of Predictor Importance for Boosted CRT Model for Significant 
Campylobacteriosis Clusters in New Zealand, 2011-2015 

Predictor Importance 
Stream Order 0.07 
River Valley Landform 0.07 
Catchment Geology 0.07 
New Zealand Deprivation Index Score 0.07 
Proportion of Population Over 64 Years of Age 0.07 
Protozoa Achievement 0.07 
Proportion of Population Female 0.07 
Catchment Climate 0.07 
Catchment Landcover 0.07 
Median River E. coli Concentration 0.07 
Catchment Source of Flow 0.07 
Proportion of Population Under 5 Years of Age 0.07 
Proportion of Population 5-64 Years of Age 0.07 
Dairy Cattle Density 0.02 
Beef Cattle Density 2.87E-4 
Sheep Density 1.13E-4 
Poultry Density 9.75E-5 
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Ensemble Accuracy for Boosted CRT Model for Significant Campylobacteriosis Clusters in 

New Zealand, 2011-2015 
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Boosted CRT Model for Cryptosporidiosis Clusters 

 
Boosted CRT Model Summary for Significant Cryptosporidiosis Clusters in New Zealand, 

1997-2015 

 

Ranking of Predictor Importance for Boosted CRT Model for Significant Cryptosporidiosis 
Clusters in New Zealand, 1997-2015 

Predictor Importance 
Protozoa Achievement 0.07 
Stream Order 0.07 
Proportion of Population Under 5 Years of Age 0.07 
New Zealand Deprivation Index Score 0.07 
Total Population 0.07 
Proportion of Population Over 64 Years of Age 0.07 
Proportion of Population 5-64 Years of Age 0.07 
Proportion of Population Female 0.07 
River Valley Landform 0.07 
Catchment Geology 0.07 
Catchment Landcover 0.07 
Catchment Climate 0.07 
Median River E. coli Concentration 0.07 
Catchment Source of Flow 0.07 
Dairy Cattle Density 0.02 
Beef Cattle Density 0.00 
Sheep Density 0.00 
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Ensemble Accuracy for Boosted CRT Model for Significant Cryptosporidiosis Clusters in 

New Zealand, 1997-2015 
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Boosted CRT Model for Seasonal Campylobacteriosis Rates 

 
Boosted CRT Model Summary for Average Seasonal Campylobacteriosis Notification Rates 

in New Zealand, 2010-2015 

 

Ranking of Predictor Importance for Boosted CRT Model for Average Seasonal 
Campylobacteriosis Notification Rates in New Zealand, 2010-2015 

Predictor Importance 
Catchment Climate 0.09 
Protozoa Achievement 0.09 
Catchment Landcover 0.09 
Catchment Geology 0.09 
Proportion of Population Under 5 Years of Age 0.09 
Catchment Source of Flow 0.09 
New Zealand Deprivation Index Score 0.09 
Median River E. coli Concentration 0.09 
Proportion of Population 5 Years of Age or Older 0.09 
Proportion of Population Female 0.09 
Stream Order 0.06 
Season 0.03 
Dairy Cattle Density 2.62E-4 
Sheep Density 1.69E-4 
Beef Cattle Density 4.78E-5 
Catchment Population Density 2.33E-5 
Poultry Density 7.13E-6 
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Ensemble Accuracy for Boosted CRT Model for Average Seasonal Campylobacteriosis 

Notification Rates in New Zealand, 2010-2015 
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Boosted CRT Model for Seasonal Cryptosporidiosis Rates 

 
Boosted CRT Model Summary for Average Seasonal Cryptosporidiosis Notification Rates in 

New Zealand, 1997-2015 

 

Ranking of Predictor Importance for Boosted CRT Model for Average Seasonal 
Cryptosporidiosis Notification Rates in New Zealand, 1997-2015 

Predictor Importance 
Catchment Source of Flow 0.10 
Catchment Climate 0.10 
New Zealand Deprivation Index Score 0.10 
Catchment Geology 0.10 
Catchment Landcover 0.10 
Median River E. coli Concentration 0.10 
Proportion of Population Under 5 Years of Age 0.10 
Season 0.10 
Proportion of Population 5 Years of Age or Older 0.07 
Proportion of Population Female 0.06 
Protozoa Achievement 0.03 
Stream Order 0.01 
Dairy Cattle Density 3.79E-5 
Beef Cattle Density 3.29E-5 
Sheep Density 2.14E-5 
Catchment Population Density 1.43E-5 
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Ensemble Accuracy for Boosted CRT Model for Average Seasonal Cryptosporidiosis 

Notification Rates in New Zealand, 1997-2015 
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Appendix I                                                                                     

Regression coefficients, standard errors, and residual plots for 

generalized linear models of seasonal campylobacteriosis and 

cryptosporidiosis notifications 

Regression Coefficients and Standard Errors for Campylobacteriosis Generalized 
Linear Model Without Interaction Terms 

Parameter          B Std. 
Error 

 (Intercept) -4.750 0.018 
Catchment Climate Warm & Extremely Wet -0.068 0.017 

Warm & Wet  0.231 0.005 
Warm & Dry  -0.056 0.006 
Cool & Extremely Wet  0.552 0.005 
Cool & Wet  0.230 0.004 
Cool & Dry  0a . 

Catchment Geology Volcanic Basic  -0.929 0.014 
Volcanic Acidic -0.310 0.005 
Soft Sedimentary  -0.560 0.005 
Plutonics  -1.146 0.011 
Miscellaneous -0.239 0.007 
Hard Sedimentary -0.216 0.004 
Alluvium  0a . 

Catchment Landcover Wetland  -0.465 0.031 
Urban  -0.969 0.017 
Tussock -0.111 0.006 
Scrub  -0.264 0.007 
Pastoral  -0.433 0.007 
Miscellaneous  -2.925 0.057 
Indigenous Forest  -0.827 0.006 
Exotic Forest  -0.503 0.008 
Bare Ground 0a . 

Protozoa Achievement for 
Drinking Water Distribution 
Systems 2013 

No Water Distribution System 0.211 0.017 
Unknown 0.832 0.019 
Non-compliant 0.412 0.018 
Compliant 0a . 

Season Winter -0.076 0.004 
Summer 0.390 0.004 
Spring 0.570 0.004 
Autumn 0a . 

Dairy Cattle Density High Density -0.170 0.003 
Low Density 0a . 

Beef Cattle Density High Density -0.364 0.004 
Low Density 0a . 

Sheep Density High Density 0.277 0.004 
Low Density 0a . 

Poultry Density High Density 0.653 0.004 
Low Density 0a . 

Proportion of Population 
Female 

High Proportion -0.499 0.003 
Low Proportion 0a . 

Proportion of Population 
Under Five Years of Age 

High Proportion -0.350 0.003 
Low Proportion 0a . 

 (Scale) 1b  
a Set to zero because this parameter is redundant.  
b Fixed at the displayed value. 
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Regression Coefficients and Standard Errors for Campylobacteriosis Generalized 
Linear Model With Interaction Terms 

Parameter       B    Std.       
Error 

 (Intercept) -4.423 0.019 
Catchment Climate Warm & Extremely Wet -0.034 0.017 

Warm & Wet  0.105 0.005 
Warm & Dry  -0.074 0.006 
Cool & Extremely Wet  0.703 0.005 
Cool & Wet  0.271 0.004 
Cool & Dry  0a . 

Catchment Geology Volcanic Basic  -0.802 0.014 
Volcanic Acidic -0.341 0.005 
Soft Sedimentary  -0.499 0.005 
Plutonics  -1.167 0.011 
Miscellaneous -0.207 0.007 
Hard Sedimentary -0.158 0.004 
Alluvium  0a . 

Catchment Landcover Wetland  -0.221 0.031 
Urban  -0.511 0.017 
Tussock 0.013 0.006 
Scrub  -0.071 0.007 
Pastoral  -0.248 0.007 
Miscellaneous  -2.455 0.057 
Indigenous Forest  -0.591 0.006 
Exotic Forest  -0.214 0.008 
Bare Ground 0a . 

Protozoa Achievement for 
Drinking Water 
Distribution Systems 2013 

No Water Distribution System 0.158 0.017 
Unknown 0.826 0.019 
Non-compliant 0.403 0.018 
Compliant 0a . 

Season Winter -0.287 0.010 
Summer 0.235 0.009 
Spring 0.796 0.008 
Autumn 0a . 

Dairy Cattle Density High Density -1.528 0.008 
Low Density 0a . 

Beef Cattle Density High Density -1.690 0.009 
Low Density 0a . 

Sheep Density High Density 0.887 0.009 
Low Density 0a . 

Poultry Density High Density 1.111 0.009 
Low Density 0a . 

Proportion of Population 
Female 

High Proportion -1.410 0.007 
Low Proportion 0a . 

Proportion of Population 
Under Five Years of Age 

High Proportion -1.000 0.007 
Low Proportion 0a . 

Interaction Dairy Cattle 
Density and Season 

High Dairy Density & Winter 0.345 0.010 
High Dairy Density & Summer 0.066 0.009 
High Dairy Density & Spring 0.455 0.009 
High Dairy Density & Autumn 0a . 
Low Dairy Density & Winter 0a . 
Low Dairy Density & Summer 0a . 
Low Dairy Density & Spring 0a . 
Low Dairy Density & Autumn 0a . 

Interaction Beef Cattle 
Density and Season 

High Beef Density & Winter 0.021 0.011 
High Beef Density & Summer -0.051 0.010 
High Beef Density & Spring 0.050 0.010 
High Beef Density & Autumn 0a . 
Low Beef Density & Winter 0a . 
Low Beef Density & Summer 0a . 
Low Beef Density & Spring 0a . 
Low Beef Density & Autumn 0a . 

continued on next page...     
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Parameter  B Std.       
Error 

Interaction Sheep Density 
and Season 

High Sheep Density & Winter -0.141 0.010 
High Sheep Density & Summer -0.027 0.009 
High Sheep Density & Spring -0.295 0.009 
High Sheep Density & Autumn 0a . 
Low Sheep Density & Winter 0a . 
Low Sheep Density & Summer 0a . 
Low Sheep Density & Spring 0a . 
Low Sheep Density & Autumn 0a . 

Interaction Poultry 
Density and Season 

High Poultry Density & Winter 0.093 0.012 
High Poultry Density & Summer 0.213 0.011 
High Poultry Density & Spring -0.483 0.010 
High Poultry Density & Autumn 0a . 
Low Poultry Density & Winter 0a . 
Low Poultry Density & Summer 0a . 
Low Poultry Density & Spring 0a . 
Low Poultry Density & Autumn 0a . 

Interaction Dairy Cattle 
Density and Proportion of 
Population Female 

High Dairy Density & High Proportion Female 0.926 0.007 
High Dairy Density & Low Proportion Female 0a . 
Low Dairy Density & High Proportion Female 0a . 
Low Dairy Density & Low Proportion Female 0a . 

Interaction Beef Cattle 
Density and Proportion of 
Population Female 

High Beef Density & High Proportion Female 1.342 0.007 
High Beef Density & Low Proportion Female 0a . 
Low Beef Density & High Proportion Female 0a . 
Low Beef Density & Low Proportion Female 0a . 

Interaction Sheep Density 
and Proportion of 
Population Female 

High Sheep Density & High Proportion Female -0.565 0.007 
High Sheep Density & Low Proportion Female 0a . 
Low Sheep Density & High Proportion Female 0a . 
Low Sheep Density & Low Proportion Female 0a . 

Interaction Poultry 
Density and Proportion of 
Population Female 

High Poultry Density & High Proportion Female 0.022 0.008 
High Poultry Density & Low Proportion Female 0a . 
Low Poultry Density & High Proportion Female 0a . 
Low Poultry Density & Low Proportion Female 0a . 

Interaction Dairy Cattle 
Density and Proportion of 
Population Under 5 Years 
of Age 

High Dairy Density & High Proportion < 5 Years of Age 1.122 0.007 
High Dairy Density & Low Proportion < 5 Years of Age 0a . 
Low Dairy Density & High Proportion < 5 Years of Age 0a . 
Low Dairy Density & Low Proportion < 5 Years of Age 0a . 

Interaction Beef Cattle 
Density and Proportion of 
Population Under 5 Years 
of Age 

High Beef Density & High Proportion < 5 Years of Age 0.978 0.007 
High Beef Density & Low Proportion < 5 Years of Age 0a . 
Low Beef Density & High Proportion < 5 Years of Age 0a . 
Low Beef Density & Low Proportion < 5 Years of Age 0a . 

Interaction Sheep Density 
and Proportion of 
Population Under 5 Years 
of Age 

High Sheep Density & High Proportion < 5 Years of Age -0.083 0.007 
High Sheep Density & Low Proportion < 5 Years of Age 0a . 
Low Sheep Density & High Proportion < 5 Years of Age 0a . 
Low Sheep Density & Low Proportion < 5 Years of Age 0a . 

Interaction Poultry 
Density and Proportion of 
Population Under 5 Years 
of Age 

High Poultry Density & High Proportion < 5 Years of Age -0.626 0.008 
High Poultry Density & Low Proportion < 5 Years of Age 0a . 
Low Poultry Density & High Proportion < 5 Years of Age 0a . 
Low Poultry Density & Low Proportion < 5 Years of Age 0a . 

 (Scale) 1b  
a Set to zero because this parameter is redundant.  
b Fixed at the displayed value. 
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Regression Coefficients and Standard Errors for Cryptosporidiosis Generalized 
Linear Model Without Interaction Terms 

Parameter B Std. 
Error  

(Intercept) -7.137 0.026 
Catchment Climate Warm & Extremely Wet -0.579 0.049 

Warm & Wet 0.245 0.012 
Warm & Dry -0.062 0.015 
Cool & Extremely Wet 0.225 0.014 
Cool & Wet 0.087 0.011 
Cool & Dry 0a . 

Catchment Source of Flow Mountain -0.654 0.020 
Lake -1.684 0.043 
Low Elevation -0.491 0.025 
Hill -0.529 0.023 
Glacial Mountain 0a . 

Catchment Geology Volcanic Basic -1.489 0.047 
Volcanic Acidic -0.155 0.013 
Soft Sedimentary -0.437 0.012 
Plutonics -2.481 0.057 
Miscellaneous -0.321 0.018 
Hard Sedimentary -0.168 0.011 
Alluvium 0a . 

Catchment Landcover Wetland -0.323 0.089 
Urban -1.093 0.048 
Tussock 0.185 0.017 
Scrub -0.185 0.023 
Pastoral -0.254 0.021 
Miscellaneous -1.414 0.110 
Indigenous Forest -0.515 0.020 
Exotic Forest -0.406 0.024 
Bare ground 0a . 

Season Winter 0.436 0.015 
Summer 0.623 0.014 
Spring 2.195 0.012 
Autumn 0a . 

Dairy Cattle Density High Density 0.160 0.008 
Low Density 0a . 

Beef Cattle Density High Density -0.378 0.010 
Low Density 0a . 

Sheep Density High Density 0.344 0.009 
Low Density 0a . 

Proportion of Population Under Five 
Years of Age 

High Proportion -0.172 0.007 
Low Proportion 0a . 

New Zealand Deprivation Index 2006 
Score 

High Deprivation -0.020 0.007 
Low Deprivation 0a .  
(Scale) 1b  

a Set to zero because this parameter is redundant.  
b Fixed at the displayed value. 
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Regression Coefficients and Standard Errors for Cryptosporidiosis Generalized 
Linear Model With Interaction Terms 

Parameter B Std. 
Error  

(Intercept) -7.913 0.041 
Catchment Climate Warm & Extremely Wet -0.458 0.049 

Warm & Wet 0.314 0.012 
Warm & Dry 0.053 0.015 
Cool & Extremely Wet 0.298 0.015 
Cool & Wet 0.167 0.011 
Cool & Dry 0a . 

Catchment Source of Flow Mountain -0.569 0.020 
Lake -1.693 0.044 
Low Elevation -0.453 0.025 
Hill -0.475 0.023 
Glacial Mountain 0a . 

Catchment Geology Volcanic Basic -1.429 0.047 
Volcanic Acidic -0.197 0.013 
Soft Sedimentary -0.400 0.012 
Plutonics -2.532 0.057 
Miscellaneous -0.329 0.018 
Hard Sedimentary -0.173 0.011 
Alluvium 0a . 

Catchment Landcover Wetland -0.238 0.089 
Urban -1.062 0.048 
Tussock 0.215 0.017 
Scrub -0.155 0.023 
Pastoral -0.234 0.020 
Miscellaneous -1.311 0.110 
Indigenous Forest -0.497 0.020 
Exotic Forest -0.316 0.024 
Bare ground 0a . 

Season Winter 0.078 0.042 
Summer 2.036 0.035 
Spring 2.712 0.033 
Autumn 0a . 

Dairy Cattle Density High Density -0.203 0.030 
Low Density 0a . 

Beef Cattle Density High Density -0.895 0.035 
Low Density 0a . 

Sheep Density High Density 1.736 0.037 
Low Density 0a . 

Proportion of Population Under Five 
Years of Age 

High Proportion -0.941 0.015 
Low Proportion 0a . 

New Zealand Deprivation Index 2006 
Score 

High Deprivation 0.701 0.016 
Low Deprivation 0a . 

Interaction Dairy Cattle Density and 
Season 

High Dairy Density & Winter 1.136 0.038 
High Dairy Density & Summer -0.583 0.033 
High Dairy Density & Spring 0.430 0.028 
High Dairy Density & Autumn 0a . 
Low Dairy Density & Winter 0a . 
Low Dairy Density & Summer 0a . 
Low Dairy Density & Spring 0a . 
Low Dairy Density & Autumn 0a . 

Interaction Beef Cattle Density and 
Season 

High Beef Density & Winter -0.314 0.041 
High Beef Density & Summer -0.934 0.038 
High Beef Density & Spring -0.329 0.033 
High Beef Density & Autumn 0a . 
Low Beef Density & Winter 0a . 
Low Beef Density & Summer 0a . 
Low Beef Density & Spring 0a . 
Low Beef Density & Autumn 0a . 

continued on next page...    



 523 

 

Parameter  B Std. 
Error 

Interaction Sheep Density and Season High Sheep Density & Winter -0.347 0.041 
High Sheep Density & Summer -0.787 0.039 
High Sheep Density & Spring -0.795 0.035 
High Sheep Density & Autumn 0a . 
Low Sheep Density & Winter 0a . 
Low Sheep Density & Summer 0a . 
Low Sheep Density & Spring 0a . 
Low Sheep Density & Autumn 0a . 

Interaction Dairy Cattle Density and 
Proportion of Population Under 5 
Years of Age 

High Dairy Density & High Proportion 
Under 5 Years of Age 0.566 0.016 

High Dairy Density & Low Proportion 
Under 5 Years of Age 0a . 

Low Dairy Density & High Proportion 
Under 5 Years of Age 0a . 

Low Dairy Density & Low Proportion Under 
5 Years of Age 0a . 

Interaction Beef Cattle Density and 
Proportion of Population Under 5 
Years of Age 

High Beef Density & High Proportion Under 
5 Years of Age 1.628 0.018 

High Beef Density & Low Proportion Under 
5 Years of Age 0a . 

Low Beef Density & High Proportion Under 
5 Years of Age 0a . 

Low Beef Density & Low Proportion Under 
5 Years of Age 0a . 

Interaction Sheep Density and 
Proportion of Population Under 5 
Years of Age 

High Sheep Density & High Proportion 
Under 5 Years of Age -0.794 0.017 

High Sheep Density & Low Proportion 
Under 5 Years of Age 0a . 

Low Sheep Density & High Proportion 
Under 5 Years of Age 0a . 

Low Sheep Density & Low Proportion 
Under 5 Years of Age 0a . 

Interaction Dairy Cattle Density and 
Deprivation 

High Dairy Density & High Deprivation -0.538 0.016 
High Dairy Density & Low Deprivation 0a . 
Low Dairy Density & High Deprivation 0a . 
Low Dairy Density & Low Deprivation 0a . 

Interaction Beef Cattle Density and 
Deprivation 

High Beef Density & High Deprivation -0.272 0.017 
High Beef Density & Low Deprivation 0a . 
Low Beef Density & High Deprivation 0a . 
Low Beef Density & Low Deprivation 0a . 

Interaction Sheep Density and 
Deprivation 

High Sheep Density & High Deprivation -0.217 0.017 
High Sheep Density & Low Deprivation 0a . 
Low Sheep Density & High Deprivation 0a . 
Low Sheep Density & Low Deprivation 0a .  
(Scale) 1b  

a Set to zero because this parameter is redundant.  
b Fixed at the displayed value. 
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Campylobacteriosis Generalized Linear Model Residual Plots 

Residual Plots with Default Axes 
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Residual Plots with Logarithmic Axes 
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Cryptosporidiosis Generalized Linear Model Residual Plots 

Residual Plots with Default Axes 
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Residual Plots with Logarithmic Axes 
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