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Abstract   

The demand for increased food production has led to enhanced use of “external inputs” like 

chemicals, fertilizers, irrigation and effluent to boost yields. This has often been accompanied 

by unintended negative impacts on soil health and the ecosystem services provided by soil 

biota like earthworms and soil microbes. Intensive pastoralism has also been implicated in 

global warming because of greenhouse gas (GHG) emissions. This thesis evaluated the 

usefulness of earthworms and soil microbes as indicators of soil quality and how their 

occurrence, abundance, biomass and activity changed under different pastoral farming 

practices i.e. irrigation; effluent dispersal; conversion from sheep and cattle to dairy farming; 

and conversion from conventional to organic dairy farming. Effluent dispersal and irrigation 

led to significant increases in earthworm density and biomass that peaked in paddocks 

receiving both effluent and irrigation water. The epigeic earthworm Lumbricus rubellus 

increased by 32% where effluent had been spread, 123% if irrigated and by 180% where both 

effluent and irrigation water was added together. On the other hand, the anecic earthworm 

Aporrectodea longa was rare (5.9% of individuals and 5.2% of biomass) and appeared to be 

driven locally extinct in many irrigated sites  while the most abundant and widespread 

earthworm, Aporrectodea caliginosa, varied comparatively little between treatments.  . 

Earthworm density was 15.4% to 36.6% and biomass was -3.3% to 55.8% higher on 

sheep/beef farms than dairy farms when equivalent treatments were compared. Because of 

their sensitivity to soil management, L. rubellus and A. longa earthworms qualify as good soil 

quality indicator species. The strong experimental effects observed for all species between 

treatments were evident in the top 10 cm of soil only.  Greenhouse gas emissions were 

strongly dependent on soil management, for example re-wetting soils receiving effluent 

increased CO2 emissions by 160.6% while it reduced N2O emissions by 16.5% but enhanced 

CH4 uptake capacity by 286.0%. . In addition, effluent only treated sites had the lowest CO2 

emissions (50% less than untreated sites) yet highest N2O emissions were measured from the 

same sites (72.8% more than untreated sites). Temporal variation in the wetting and drying 

cycles was particularly high for N2O, with peak fluxes measured on the 6
th

 day after soil 

wetting that signalled a hot spot for this gas. Irrigation and effluent dispersal increased 

nutrient levels and reduced soil bulk density on dairy farms. Irrigation also reduced soil bulk 

density and increased clover (Triloforium repens L.) cover, especially on sheep/beef pastures.  

There were reduced nutrient levels and more compact soils in land converted to dairy 
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production, especially in unirrigated pastures. This demonstrates that relying heavily on 

chemical fertilization is not always sufficient to maintain higher nutrient levels and soil 

organic carbon in intensified dairy production following conversion. Soil organic carbon and 

nitrogen were higher where abundance of Lumbricus rubellus, an epigeic earthworm, was 

lower and a greater water holding capacity where earthworm biomass was higher. However 

the study failed to find evidence for linear and directly proportional relationships between 

earthworm abundance and many important soil quality measures. Smart irrigation and 

nutrient management clearly provide potential solutions to maintain sustainability of the 

farming systems. This study found no evidence that conversion to organic dairying benefited 

earthworms or soil microbes, nor that the main soil macro-nutrient levels increased in the 

initial seven years following conversion. However conversion to organic increased soil 

structure and water holding capacity of the soil. A preliminary survey of farmers' knowledge 

and attitudes indicated broad scale awareness of the importance of soil health for 

sustainability and beneficial roles of earthworms, as well as willingness to monitor them. 

Farmers were less conscious of the contributions of soil microbes to farming sustainability. 

No farmer formally monitored earthworms or microbes, or actively and directly managed 

their abundance. Farmers had a very limited understanding of Overseer, the main nutrient 

budgeting tool used in New Zealand but some were sceptical of its accuracy. A change of 

strategy to better harness the ecosystem services of soil biota is required, including 

incorporation of the effects of soil biota into nutrient models for improving farming efficacy 

and reducing leaching to the atmosphere and waterways.  Scientists should work with farmers 

to develop practical soil management options and a national stratified random monitoring 

scheme is needed to ensure that soil biota remain diverse and abundant to keep New 

Zealand's increasingly intensive pastoral farms resilient and sustainable. 
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Chapter 1: Introduction  

1.1 Context and value of this research   

Sustaining food production to feed the ever increasing world population while caring for 

biodiversity and the environment is the greatest challenge facing contemporary agriculture 

(Pretty, 1995; Boag et al., 1997;  Lagerlöf et al., 2002; Muldowney et al., 2003; Reidsma et 

al., 2006; Lal, 2009c, 2010b). The world population is projected to reach 9.6 billion people 

by 2050 (United Nations, 2013) and many people are starving, so there is an ongoing need 

to produce high quality yet inexpensive food and fibre in an efficient way.  

Technologically-based farming of large tracts of land shapes ecosystems, habitats and 

landscapes on unprecedented scales (Millennium Assessment 2005) while much of the 

current production is heavily subsidised by fossil fuel energy whose supplies have been 

projected to be on the decline (Keplin and Broll, 2002). Furthermore, production shifts to 

areas currently not producing food or where farmers have no expertise in the appropriate 

farming methods require assessment and development of infrastructure around food 

production. This increasing intensive and industrial-styled agriculture is usually 

accompanied by increased degradation of soil fertility and biota (Lal, 2001). This situation 

will be exacerbated by the threat of climate change that is predicted to  bring more extreme 

climate events to production landscapes. Such an eventuality is liable to cause shortage of 

supply and price fluctuations which are often precursors to international insecurity, 

humanitarian crises, and political instability (Falcon and Naylor, 2005). Changes in world 

food markets are also affected by international agricultural policies e.g. the introduction of 

subsidies for biofuels in the EU and US distorted world food prices (Beylich and Graefe, 

2002). 

Many farming practices negatively affect ecosystems both on- and off-farm, sometimes 

over large distances, through importing ecological subsidies (Moller et al., 2008)  and 

exporting pollution (Gordon et al., 2008). The contribution of agriculture to global climate 

change through greenhouse gas emissions and heavy consumption of fossil fuels has led to 

calls for the transformation of agricultural production (Smith, 1894). Concern for the 

sustainability of agricultural systems at interlinked local, national and international levels 

is spreading well beyond an academic community of “whistle blowers” to become a well 

organised mainstream consumer and environmental movement. This trend is evidenced by 

a growing number of popular books, websites, films, newspaper, radio and television items 
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about the agricultural sustainability crisis, food security and food sovereignty  (e.g. Lappé 

and Lappé, 2002; Winne, 2008; Gottlieb and Joshi, 2010; Nestle, 2013). Thus, there is a 

clear need for sound and accessible agricultural systems science to guide this growing 

popular movement for transitions to more sustainable and equitable food production. This 

is particularly needed in New Zealand dairy farming systems, which have seen continuous 

pressure in diversification through increased conversions and land use changes. The 

sustainability of the industry is further tied to regional, national and even global major 

issues like environmental pollution of surface and ground water, greenhouse gas 

emissions, loss of biodiversity and even economic and social issues.   

 

1.2 Sustaining New Zealand dairy farming to feed a hungry world  

New Zealand, more than most other developed countries, relies heavily on the continuation 

of agriculture and associated supply chains to sell its products to distant markets. Dairy 

farming is New Zealand’s largest agricultural sector (Clark et al., 2007). It relies on the 

country’s highly productive pastures (Jay, 2007) and is often held up to be the most 

efficient milk production system in the world. However, in recent years, there has been an 

increased use of abiotic inputs sourced outside the farm to drive increased production 

(MacLeod and Moller, 2006). In particular, increased nitrogenous fertilizer application has 

boosted production and farm profits, but has not been accompanied with increased 

conversion efficiency (Ledgard et al., 2003) and has contributed to the pollution of 

waterways. Nevertheless, New Zealand dairying holds promise as a model for sustainable 

yet intensive agriculture, a potential pathway to feed a hungry world. 

Increasing globalization of food systems and emerging markets threaten New Zealand’s 

historical position as a low cost supplier, and competition in the global market has 

intensified and therefore eating into the country’s current market share. Further, New 

Zealand population is becoming increasingly aware of the impacts of agriculture and 

farming, particularly on the environment (Box 1.1, 1.3), This creates an increased demand 

by consumers for environmentally friendly farming methods. If the country  is to maintain 

or increase its income from farming, and if farmers are to retain their “social license to 

farm”, the environmental attributes of food and willingness of consumers to pay for 

ethically produced produce must be carefully considered (Saunders et al., 2010). 

Consumer demand for ‘ethical food’ production presents significant challenges to the 
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security of market access for New Zealand’s agricultural products (Campbell et al., 2012). 

Recent reviews have underscored the ways in which the accelerating rate of agricultural 

intensification may threaten both the environment and the sustainability of food production 

(Norton and Miller, 2000; PCE, 2004; MacLeod and Moller, 2006; Moller et al., 2008). 

The office of New Zealand’s Parliamentary Commissioner for Environment published its 

“Growing for Good?” analysis in 2004.  It particularly challenged whether New Zealand’s 

intensive dairy farming methods were sustainable and called for a ‘redesign’ of New 

Zealand agriculture (PCE, 2004). However, there has been little apparent progress or even 

a suggested mechanism to trigger such a major transformation of New Zealand agriculture. 

The high cost of fertilizers and conservation challenges in New Zealand are making high 

input agriculture less viable creating a need for the promotion of efficient and sustainable 

dairy production systems that focus on production efficiency with closed nutrient flow 

loops within the farm that reduce leakages. This can be achieved through minimising the 

use of external input, regenerating internal resource more effectively or a combination of 

both. Interactions between farming systems, management practices and soil biota can 

enhance biological processes that will be accompanied by the supply of ecosystem services 

like nutrient cycling, water regulation, soil formation etc. for sustainability and farming 

efficiency. For example, in natural systems, potential nutrient leakages are utilised by 

biological forms thereby effectually avoiding or minimising nutrient losses and 

accumulating fertility.  

 

1.3 Efficient farming depends on sustaining biological processes 

Sustained and productive pastoral farming depends on two main ecosystem components 

that are mutually interdependent: primary producers and decomposers (Edwards and Lofty, 

1982b; Syers and Springett, 1984). Primary producers provide food for decomposers, 

which in turn facilitate the availability of nutrients for pasture plant production. These 

crucial processes involve complex interactions between biotic and abiotic components 

within the soil (Barrios, 2007). Earthworms and soil microbes have been shown to play the 

most important roles in linking these abiotic and biotic components of soil ecosystems by 

supplying ‘soil services’ such as nutrient cycling, decomposition, soil structure 

maintenance, water storage, air regulation, root penetration and plant growth (Lal, 1988; 

Marinissen and Hillenaar, 1997; Coleman et al., 2004; Swift et al., 2004b; Fitter et al., 
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2005; Moller et al., 2005). Earthworms are further characterised as “ecosystem engineers” 

because they have such an overriding impact on the environment and help create the soil 

habitat itself (Jones et al., 1994). It follows that sustaining intensive pastoral agriculture 

depends on maintaining and enhancing the abundance and functional activity of 

earthworms and soil microbes. For such a robust evidence based policy to be constructed 

for New Zealand dairy farms, there is urgent need for earthworm and soil microbial 

indicators to be better integrated with empirical information on the various drivers of 

change. Therefore this PhD research aims to better understand these interactions under 

different soil management regimes of irrigation, effluent
1
 dispersal, organic and 

conventional farming systems within the New Zealand dairy industry. The thesis will thus 

provide a first step in trying to understand the effects of these farming methods on 

biological systems with special emphasis on earthworms and soil microbes. 

 

The following sections briefly review the international evidence for the ecosystem services 

provided by earthworms and soil microbes. It then provides the context and rationale for 

the study’s focus on New Zealand dairy farming, and the importance of understanding the 

effects of effluent dispersal and irrigation on earthworms and soil microbes in particular.  

This introduction chapter will end with an outline of the specific aims and structure of the 

thesis. 

Irrigation is a major consumptive allocation of water in New Zealand, and much of this 

allocation is for the irrigation of pasture on dairy farms. Irrigation has been widely adopted 

to maintain pasture production and reduce the financial risks associated with summer 

droughts. This has led to the introduction, and increased intensity of dairy farming in drier 

regions of the country such as Canterbury and Otago (Houlbrooke et al., 2008a). This 

ongoing growth of national dairy production (Table 1.1, Figure 1.2) has been mainly 

driven by geographic spread that is only economically viable because irrigation has been 

applied to allow agricultural intensification (PCE, 2004; MacLeod and Moller, 2006; Dairy 

NZ, 2012). The conversion of dry-land pastoral farms and forestry to dairy farming by 

providing irrigation has been hotly debated in newspapers and other media (Box 1.1).  

                                                           
1
 The generated material containing cow excreta and urine diluted with wash down water after milking in 

the cow shed is referred to as farm dairy effluent (presented in this thesis as “effluent”) 
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The number of herds has been declining by an average of 170 herds per season over the 

last 30 seasons, though the last 4 seasons have seen consecutive small increases (Figure 

1.3). In contrast, the herd size has consistently been increasing, tripling in the past 30 

seasons with a notable 122 cows in the last 10 seasons alone (Table 1.1). Herd sizes are 

increasing in both islands, but recent conversions in the South Island driven by irrigation 

have led to larger herd sizes than those of the North Island (in terms of farm area and cow 

numbers) (Table 1.1). Even though the majority of herds are located in the North Island 

(75.5%), the South Island with only 24.5% contains 37% of all cows (Table 1.1). This can 

be attributed to a combination of larger herd sizes and high stocking rate supported by 

irrigation (Table 1.1, Figure 1.1) which ensures uninterrupted supply of pasture over dry 

periods. This actually explains the higher yields (milk solids per herd and per cow) in the 

South Island (Table 1.1, Figure 1.2) clearly emphasising the importance of irrigation as a  

significant determinant in current and future dairy farming trends in New Zealand. 

Although both Islands are experiencing changes, the rate of expansion in the South Island 

has been remarkable and significantly contributes to the observed trends (Table 1.1, Figure 

1.1, 1.2). In fact the addition of water and in particular to large parts of the South Island, 

especially Canterbury and Otago (Figure 1.1) is the driving force of these changes 

nationally (Table 1.1, Figure 1.3). 
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Figure 1.1 Consented irrigation area trends in New Zealand (1999-2010) (data sourced 

from http://www.mfe.govt.nz/environmental-reporting/fresh-water/freshwater-demand-

indicator/land-irrigated-trends.html, accessed on 6/09/2013). 

 

 

 

 Figure 1.2 Regional trends in % of total milk solids   produced between 1990 and 2012 

Dairy conversions in the South Island and irrigation in the drier Canterbury and Otago 

regions can be attributed to this observation (data sourced from 

http://www.mfe.govt.nz/environmental-reporting/fresh-water/freshwater-demand-

indicator/land-irrigated-trends.html, accessed on 6/09/2013 & Dairy NZ, 2012). 
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Figure 1.3 Trend in the herd numbers and average herd size in New Zealand dairying for the last 31 seasons (1981/82 – 2011/12), data sourced 

from (Dairy NZ, 2012).   
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Table 1.1 New Zealand dairy farming herd analysis by region for the 2011/12 season. 

Farming 

region 

Total 

herds 

% of 

herds  

Total 

cows 

% of 

total 

cows 

Total 

effective 

ha 

% 

effective 

ha 

Av. 

herd 

size 

Av. 

Effective 

ha 

Av. 

cows 

hectare
-1

 

Av. kg milk 

solids hectare
-

1
 

Av. Milk 

solids per 

cow
-1

 

North 

Island 

8,912 75.5 2,913,716 62.9 1,058,682 64.6 327 119 2.75 970 353 

South 

Island 

2,886 24.5 1,720,510 37.1 579,864 35.4 596 201 2.97 1134 382 

New 

Zealand 

11,798 100 4,634,226 100 1,638,546 100 393 139 2.83 1028 364 

Data obtained from (Dairy NZ, 2012) 
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Box 1.1 Montage of newspaper articles showing the current discourse around irrigation in New Zealand 
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1.4 Importance of earthworms and soil microbes in providing soil 

ecosystem services   

Agricultural activities are a form of ecological disturbance. Ploughing, fertilizing, 

irrigation, effluent dispersal, pest control, grazing and cropping are all examples of 

farming activities that have been shown to cause changes to earthworms and soil microbes 

(Edwards and Bohlen, 1996a; Curry, 2004; Malmström et al., 2009; Rossi et al., 2010). 

Since soil biota play important roles, any changes in their composition is likely to affect 

the functioning of the whole pastoral system, including the social, economic and 

ecological connections in a complex adaptive ‘social ecological system’ (Darnhofer et al., 

2010). Farmers quest to optimise nutrient cycling by managing interactions between soil 

biota and management practices in a positive way. The costs and ecological risks of 

fertilization can also be minimised if soil biota and farm practices are well maintained. 

Integrated nutrient management approaches that incorporate soil biology, chemistry and 

physics in soil nutrient management can improve nutrient use efficiency, reduce waste and 

help hold nutrients in soil and farm fields rather than having them run off into surrounding 

waterways. Optimum farming efficiency and environmental protection can only be 

achieved if soil nutrient balances are maintained and excessive nutrient applications (with 

consequent nutrient runoff) are avoided.  

Earthworm and soil microbe activities can alter the soil’s physics, chemistry and the 

system interactions thereby enhancing its productivity. Through their feeding, casting and 

burrowing activities, earthworms improve soil structure which can directly influence 

nutrient supply by breaking down, mixing and transporting organic residues and mineral 

particles (Table 1.2). Moreover, the created macropores can increase water and air 

regulation while providing channels for root growth and penetration (Table 1.2). This is 

more so with the anecic species which make vertical burrows. In fact increased water 

infiltration, aeration and permeability with a decreased soil bulk density resulted when 

earthworms were introduced to a reclaimed land (Hoogerkamp et al., 1983). Also, it was 

shown that water logging increased in a Scottish grassland soil where flatworm predation 

had reduced earthworm numbers (Haria et al., 1998). Earthworm presence too can reduce 

soil water erosion although their burrows can increase nutrient leaching (Edwards and 

Bater, 1992; Edwards and Bohlen, 1996). In dry grassland dairying, earthworm burrows 

enhance root growth and depth to overcome droughts (Logsdon and Linden, 1992). 
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Alternatively, earthworms can form symbiotic relationships with soil microbes thereby 

indirectly regulating and stimulating their activities (Brown, 1995). Water storage, 

maintenance of adequate soil aeration, and retention of nutrients are likely to be especially 

important in many New Zealand irrigated dairy pastures where intensive production is 

driven by application of large quantities of water in successive wetting and drying cycles. 

However, the potential opportunities from managing effects of irrigation on earthworms 

and microbes have not been studied in New Zealand dairy pastures.  

In contrast, soil microbes play significant roles in nutrient mineralisation and 

immobilisation (Table 1.2) having been recognised as major and important components of 

the soil decomposer community (Swift et al., 1979). Farmers knowingly or unknowingly 

benefit directly from soil microbial activity by sowing white clover Trifolium repens 

(Linnaeus) for atmospheric nitrogen fixation by the Rhizobium bacteria (Frame et al., 

1998).  

Large amounts of essential nutrients in the soil are bound in organic form, especially 

within microbial biomass (Woodmansee, 1978; Vanlauwe, 2004). For these nutrients to be 

released and made available for plant absorption, they have to undergo decomposition and 

mineralisation (Wardle et al., 2004), processes largely facilitated by earthworms and soil 

microbes (Swift et al., 1979; Bloem et al., 1997). Furthermore, nitrogen availability is 

heavily influenced by biological activity as opposed to chemical and physical processes 

(Russelle, 1997). Scientific evidence that soil organic matter is related to the quantity and 

quality of management input mode is increasing (Swift et al., 2004). It therefore appears 

that positive effects of earthworms and soil microbes on pasture production under field 

circumstances are most obvious. This is more so when they are introduced to areas devoid 

of earthworms (Stockdill, 1982; Hoogerkamp et al., 1983; Baker, 1998). This can be 

particularly important in systems that are susceptible to changing land use management 

pressures like continuous soil wetting and drying events. 

Earthworms have been grouped into three ecological groups based on their location in the 

soil profile, their primary food resource and morphological features, thus: (i) epigeics - live 

and feed on litter and organic material on the soil surface; (ii) anecics live in permanent or 

semi-permanent vertical burrows in soil but feed at the soil surface; (iii) endogeics live and 

feed on soil material (Lee, 1985). From these descriptions, the potential influence of 

earthworms of different ecological groups in soil functioning can be demonstrated (Box 
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1.2). This highlights the significance of managing particular groups to promote specific 

functions they provide. Since earthworms and soil microbes can provide a tool to assess 

the impacts of land management (Rozen, 1988; Paoletti, 1999), agricultural practices that 

promote self-regulation should be encouraged. This calls for an urgent need to investigate 

the impacts of recent rapid expansion of New Zealand dairy farming on these organisms 

and their roles in soil functioning. 

Even though perennial pasture systems provide suitable habitat for earthworm survival, 

irrigation can increase the risk of compaction from grazing animals and the use of heavy 

machinery on wet soil and can thus negatively impact earthworms. Very little literature 

exists for New Zealand dairy systems on the putative role of earthworms and microbes in 

mitigating unwanted effects or capturing the benefits of irrigation. It is thus clear that New 

Zealand society as a whole, and dairy farmers in particular, could benefit from more 

quantitative evidence of the effects of irrigation on land and environment at both landscape 

and local farm field levels.  

 

 

 

Box 1.2 The potential influence of earthworms of difference ecological groups in soil 

functioning. 
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Table 1.2 Earthworm and microbial activities and their value in ecosystem functioning.  

Organism Earthworm/microbial  

activity 

Value to agro ecosystems References 

E
ar

th
w

o
rm

s 

Earthworm burrows Improve drainage, aeration, porosity, water 

infiltration, water regulation, assist root growth and 

penetration, move deeper soil to the surface 

(Edwards and Lofty, 1978; Hoogerkamp et 

al., 1983; Tisdall, 1985; Logsdon and 

Linden, 1992; Edwards and Bohlen, 

1996a; Haria et al., 1998) 

Feeding Removes dead material, loosens soil, and provides 

an enriched layer of cast soil, recycling of organic 

wastes and nutrient cycling. 

(Hoogerkamp et al., 1983; Moller et al., 

2005)  

Stimulation of microbial 

activity 

Increase soluble nutrient content, distribute SOM 

and nutrients throughout the soil horizon, increase 

nutrient availability, accelerates rate of breakdown 

and stabilization of SOM, chemically alter 

microbial substrates,  

(Syers and Springett, 1984a; Brown, 1995; 

Edwards, 2004b; McLean et al., 2006) 

Their death Nutrients present in earthworm tissues are recycled  

S
o
il

 m
ic

ro
b
es

 
 

Soil organic matter (SOM) 

decomposition 

Release nutrients to plants (Swift et al., 1979; Bloem et al., 1997; 

Hamilton III and Frank, 2001) 

Breakdown of soil minerals Release K, P, Mg, Ca and Fe  (Perkins, 2003; Vanlauwe et al., 2004; 

Wardle et al., 2004) 

Release/make hormones Stimulate root activity (Tsavkelova et al., 2006) 

N nitrification and 

denitrification 

Regulation of nitrogen cycle (Frame et al., 1998; Chen et al., 2003) 

Others Improve soil structure, detoxifying soil  
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1.5 Nutrient challenges associated with effluent management 

In New Zealand, cows spend on average 2 hours per day in the milking shed (Cameron and 

Trenouth, 1999) while the rest time is spend in the paddocks
2
. Assuming cows excrete at a 

constant rate over a 16 hour period (counting 8 hours for sleeping), approximately 12% of 

their excreta will be deposited at the milking shed.  Cameron and Trenouth (1999) give a 

range of between 5-15% for this portion. After milking, sheds are washed down using 

approximately 50 litres of water per cow per day (Vanderholm, 1984) resulting in effluent 

containing 8-10% excreta, 4% teat washing and 86% wash and other foreign bodies 

(Gibson, 1995; Longhurst et al., 2000) which present a challenge for an environmentally 

acceptable treatment. The increasing trend in both stocking rate and inorganic fertilization 

accompanying irrigation (Robin Murphy, personal communication) can lead to reduced 

wash water volume per cow resulting in a more concentrated effluent. 

In New Zealand, the traditionally acceptable form of effluent treatment has been a two-

pond system that combines both anaerobic and aerobic processes to remove sediment and 

biological demand before releasing to waterways (Sukias et al., 2001). However, the high 

nutrient concentrations remained (Longhurst et al., 2000).  Houlbrooke et al. (2004) 

estimated a direct discharge to water of 1500 kg N and 250 kg P from a 490 cow herd. The 

introduction of the Resource Management Act (1991) has resulted to the two pond system 

being phased out by regulatory authorities. Currently, regional councils consent effluent 

activity (Cameron and Trenouth, 1999). Unfortunately, existing consent conditions often 

describe the environmental performance required to prevent water contamination but they 

do not provide practical options to achieve the consent compliance. 

Land application of effluent either from the two pond system or directly from storage is 

currently the preferred treatment option and is becoming a significant component of dairy 

farming but the environmental impact of effluent dispersal is increasingly under scrutiny 

(Box 1.3). Farmers seek resource consents and clearance that their farming practices are 

meeting environmental requirements (Robin Murphy, personal communication), a trend 

that has resulted in increased societal pressure (Box 1.3) for dairy farmers to improve their 

environmental performance. Furthermore, recent conversions may have taken place 

without allowing for sufficient effluent storage capacity necessitating application on a 

                                                           
2
 New Zealand farmers refer to individual farm fields as “paddocks”.  
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daily basis. In fact, evidence of deteriorating surface and ground water quality has been 

observed in some newly converted dairy farms (Houlbrooke et al., 2004; Monaghan and 

Smith, 2004). Managing effluent with irrigation is trickier since wet soils can present a 

greater risk of drainage and effluent flow to waterways. Concerns of safe effluent 

treatment and disposal have been hotly contested, featuring in newspapers, social and 

political discourses (Box 1.3), and also in scientific literature (Ledgard et al., 1999; 

Gillingham and Thorrold, 2000; Longhurst et al., 2000; Houlbrooke et al., 2004). 

Improved soil management and promotion of earthworm and soil microbes are obvious 

system-level strategies to mitigate these risks.  This PhD research is a first step towards 

understanding the opportunities and threats of irrigation and effluent dispersal by altering 

impacts on earthworms and soil microbes (Chapters 2-4). 

Cows spending more time in the paddocks give New Zealand dairying a competitive edge 

due to reduced costs (compared to indoor dairying). However, the difference of where cow 

faeces and urine land (most in the paddock or all in the cow shed) produces other effluent 

associated challenges. When cows defecate in the paddocks, a large amount of dung is 

deposited in small concentrated patches where nutrients cannot be used (at least in the 

short term), making losses more likely. Grazing also has direct effects to nutrient losses 

e.g. large nitrogen losses (Ryden et al., 1984) and increased denitrification (Ryden, 1985) 

leading to high nitrous oxide emissions (Velthof and Oenema, 1997). Increased stocking 

rates also increase grazing pressure. 

In contrast, dung and urine deposited in the cowshed (in indoor systems) can be applied 

uniformly across the paddock improving nutrient assimilation efficiency and can reduce 

the imbalance between inputs and outputs. Nevertheless, collecting the accumulated dung 

and urine from a cow shed and applying it to land can result in ammonia volatilization 

(Van Duinkerken et al., 2005). Moreover, increased use of machinery in indoor systems 

can increase carbon dioxide emissions while large amounts of stored manure may lead to 

increased methane emissions. Since earthworms and soil microbes can play significant 

roles in the redistribution and spreading of nutrients across the fields and vertically within 

the soil profile, feasible interventions are necessary to optimise their use. The challenge is 

maintain optimum numbers to produce optimum results under different soil management 

scenarios.  
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Since only a small portion (between 20%-30%) of nutrients fed to cows is converted into 

products (Haynes and Williams, 1993; Keulen et al., 1996; Ledgard et al., 2003), with the 

rest excreted as dung and urine, outdoor grazing or indoor farming systems are faced with 

similar challenges of animal waste management and nutrient losses (phosphorus, 

potassium and nitrogen nutrients are lost into soil and water while greenhouse gases - 

carbon dioxide, methane and nitrous oxide - are lost into the air).  

 

Although agriculture is a minor source of CO2 where activities of soil decomposer 

organisms and roots lead to its production (Schlesinger and Andrews, 2000) it is a major 

source of N2O and CH4. Synthetic and organic fertilizers and excreta from agricturural 

productions form the main antropogenic substrates necessary for the prodction of N2O 

emissions (Schills 2013). Furthermore, liquid manure provides a readily oxidisable carbon 

and sufficient mineralisable nitrogen to activate the soil denitrifier organisms (Comfort et 

al., 1990). On the other hand, soils can either be a net sink or surce of methane depending 

on soil moisture, nitrogen level and the ecosystem (Gregorich et al., 2005; Liebig et al., 

2005). Methane is not only consumed by soil methanotrophic bacteria (McLain and 

Martens, 2005) but also produced by methanogenic bacteria (Chan and Parkin, 2001). The 

increasing intensification of dairy farming systems in New Zealand raises concerns for 

potential leakages of nutrients and increased emissions of these greenhouse gases. Even 

though dairy farming systems involve many components with many interactions (Figure 

2.11), external factors such as soil drying and wetting events may interrupt these 

components and thereby influence the gas fluxes by stimulating production and emission 

rates. Failing to account for these changes may lead to significant under and/or over 

estimation of the gas fluxes. This study will be attempting to assess the overall impact of a 

complete system on these gas fluxes under irrigation and effluent dispersal soil 

management regimes. This is important in developing agricultural mitigation strategies to 

reduce these emissions and other potential nutrient leakage. Organic farming systems that 

ban the use synthetic fertilizers and/or chemical have been purported to better support 

biodiversity (especially soil biodiversity) and associated biological processes have been 

promoted to be more sustainable than conventional farming methods. This has led to 

increased interest in organic farming for potentially more environmentally friendly food 

and fibre production. 
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1.6 Improving the sustainability of the farming system through organic 

farming 

Conversion of conventional to certified organic farming has been promulgated as one way 

for improving sustainability and reducing environmental impacts of intensive agriculture 

while maintaining profitability (Fliessbach et al., 2000; Moller et al., 2006; Maegli et al., 

2007). This stimulated Fonterra, New Zealand’s main dairy processing and exporting 

company, to incentivise conversion of over 100 conventional dairy farms to certified 

organic farming methods from 2003 – 2014 (Phillips et al. 2006 and  

http://www.dairyexporter.co.nz/article.26967.html).  A sustainable system is considered to 

be one that reduces use of external inputs, relies on locally available resources, and is able 

to minimise nutrient losses while reducing production costs. Organic and biological 

systems do not involve the use of chemical fertilizers or synthetic chemicals but rely on 

practices such as composting, manuring, strip cropping, and crop rotation to maintain soil 

fertility. Research has shown that these practices increase the diversity and abundance of 

soil organisms including earthworms and soil microbes (Edwards and Lofty, 1977; Fraser 

et al., 1994). 

The dilemma is that few studies have demonstrated that conversion to organics per se 

causes increases in soil biota (Campbell et al., 2012) and often the changes in biodiversity 

and other sustainability indicators are minor.  This thesis (Chapter 5) contributed follow-up 

(‘After’) estimates of earthworm abundance and diversity when the Fonterra dairy farms 

actually converted to organics, so a ‘Before-After-Control-Impact’ (BACI) analysis can be 

applied to test a causal link between going organic and changes in earthworm abundance 

and soil microbe activity. 

http://www.dairyexporter.co.nz/article
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Box 1.3 Montage of New Zealand newspapers showing current debate on the pollution of waterways by dairying. 
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The ongoing challenge is to understand whether conversion to organic increases nutrient 

uptake by pasture plants through enhanced abundance or altered diversity of earthworms 

and microbes. If so, might additional management protocols add value to organic methods 

for manipulation of the soil organisms, increased nutrient use efficiency, reduced cost and 

minimising nutrient loss? This study will provide aa first step in researching whether 

organic and biological farming will provide a solution to the sustainability of New Zealand 

pastoral farming. The increasing demand of organic products by consumers also provide 

an opportunity to farmers to develop their systems in more sustainable practices. 

Individual farms are the key site of action for sustainable farming and New Zealand dairy 

farmers operate in a unique environment i.e. they trade in unregulated environment, 

farming without subsidies or minimum price gurantees. Therefore, when discussing and 

searching for sustainable agricultural practices, it should start from the farm and the farmer 

who is the manager and sole decision maker. 

 

1.7 Empowering farmers as decision makers  

New Zealand farming is one of the least regulated agricultural systems in the world 

(Campbell et al., 2009). The prevailing neo-liberal socio-economic paradigm means that 

individual farming families are all the more important as decision-makers about what 

happens on land and the sustainability or otherwise of food and fibre production 

(Darnhofer et al., 2010).  An understanding of the importance of earthworms and microbes 

for sustainable production is a first step in taking good care of the land resource.  Farmers, 

environmentalists, protectors of natural resources, dairy industry stakeholders and the 

general public may have varied and often common interests on the issue of sustainable 

farming. This PhD study therefore will explore how farmers relate with soil and land in 

view of the current demands for sustainable farming practices. This is necessary as their 

knowledge and perception can enrich scientific understanding based on local experience 

and indigenous knowledge by providing valuable insights not presently covered in 

scientific literature but is necessary in developing programs that consider their priorities. 

Improved farmer understanding of the importance of earthworms and microbes could 

enable development of suitable decision support tools, especially sustainability indicators 

that promote the potential of soil biodiversity in contributing to agricultural sustainability. 
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1.8 Approach, goals and structure of this thesis  

The general approach taken by this research was to measure (i) changes in the species 

composition, abundance, biomass and distribution of earthworms, and (ii) the activity of 

soil microbes that are associated with changes in (a) soil quality and structure, (b) 

irrigation and its soil wetting and drying cycles, (c) effluent dispersal, and (d) conversion 

to organic farming practices on New Zealand dairy farms.  The thesis also tested the levels 

of awareness of farming decision makers on the potential importance of earthworms and 

soil microbes for sustainable and efficient milk production.  

The international literature review and descriptive study (Sections 1.1 – 1.3 above) was 

intended as a first step to evaluate the potential for improved nutrient and irrigation 

management to (1) promote ecosystem services provided by earthworms and soil 

microbes, (2) select the most important and practical soil sustainability indicators, and (3) 

recommend a prioritised research agenda for improved management of soil biota on New 

Zealand dairy farms.   

This thesis has been structured as standalone chapters prepared in a format ready for 

publication in scientific peer reviewed journals. Hopefully this will aid understanding and 

evaluation of each separate component of the investigation, but it also necessitates some 

repetition of material in the introduction and methods section of each of the results 

chapters (Chapters 2-6).  This General Introduction and a concluding synthesis (Chapter 7) 

draws all the strands of the thesis together but is not intended for formal publication. The 

synthesis chapter pays particular attention to future research priorities to better understand 

the interaction of earthworms, soil microbes, irrigation and effluent dispersal management 

to promote sustained and efficient milk production in New Zealand.  

The general approach and salient research questions of each of the results chapters are: 

Chapter 2: “Effects of irrigation and dairy effluent dispersal on earthworms of the 

Waimate District (New Zealand) dairy farming systems”. These measures changes in 

abundance, biomass and vertical distribution of different earthworm species in paddocks of 

41 dairy farms that have or do not have effluent and water added.  In this chapter, the study 

predicted that: 
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 Irrigation and effluent dispersal both have a positive impact on earthworms and 

promote their density, reproduction and biomass (hypothesis 1) 

 Earthworm abundance would be greatest of all where land is converted to 

sheep/beef to dairy farming even if water was not added (hypothesis 2) 

 Earthworm abundance would be greatest of all where land is converted to dairy 

production and irrigation water is applied (hypothesis 3). 

Chapter 3: “Effects of irrigation, dairy effluent dispersal and stocking on chemical 

properties of soils in the Waimate District, New Zealand”.  The main objective in this 

chapter was to determine the effect of irrigation and effluent dispersal on soil physical and 

chemical properties in the 41 farms and to investigate if there are any relationships 

between any significant properties observed and earthworm measurements discussed in 

chapter 2. Since effluent contains a large reserve of nutrient, chapter three of this thesis 

predicted that: 

 Irrigation and effluent dispersal will increase soil quality by enhancing the soil’s 

chemical, biological and physical properties (Hypothesis 1).  

 The high intensity of New Zealand dairy farming accompanied by higher pasture 

turnover in contrast to Sheep/beef systems (Carey et al 2010, Norton et al. 2010), 

result in significantly higher nutrient levels in dairy farming than sheep/beef farms 

(Hypothesis 2).  

 Nutrient levels and overall soil quality will be higher in soils with higher 

earthworm numbers (Hypothesis 3). 

Chapter 4: “Effect of irrigation and effluent dispersal on dairy pasture Greenhouse Gas 

fluxes”. 

The main objective of this chapter was to determine the ‘extent’ or ‘degree’ of paddock 

soil drying and rewetting cycles on CO2, N2O and CH4 fluxes. Specifically, this chapter 

predicted that: 

 The dry wet cycle events increase emissions rates of greenhouse gases from the 

soil (hypothesis 1). 

 Gas fluxes show a temporal and spatial variation within irrigation/effluent soil 

management sites over the dry-wet cycles (hypothesis 2). 

 There are increased emissions of CO2, N2O and CH4 where there are more 

earthworms (hypothesis 3). 
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Chapter 5: “Effects of conversion to organic dairy farming on soil quality, earthworms and 

soil microbes in New Zealand”. In this chapter, soil changes in converting organic farms 

from the “reference” conventional farms were tracked for soil changes in an experiment 

designed with a “before-after-control-impact” (BACI) design. In this chapter, the study 

predicted that: 

 Conversion increases soil quality on organic farms compared to their 

conventional counterparts (hypothesis 1). 

 Converting to organic will increase the density, biomass and activity of 

earthworms and soil microbes (hypothesis 2). 

 The relationship between soil quality and earthworm and microbial abundance 

could change as soils shifts from conventional to organic management 

(Hypothesis 3). 

 There is a positive relationship between earthworm and soil microbe abundance 

and biomass and increased nutrient pools in soils (Hypothesis 4).   

Chapter 6: “Dairy farmer soil, effluent and irrigation management for sustainability: 

priorities, monitoring”. The main objective in this chapter was to collect farmer views on 

soil quality and soil management with special reference to earthworms and soil microbes 

in support for communal action in soil management between farmers and stakeholders. 

Here, it was predicted that: 

 Farmers are aware of earthworms, soil microbes and their roles in soil functioning 

and how they are impacted by irrigation and effluent dispersal soil management 

regimes (hypothesis 1). 

 Farmers are willing to adopt earthworm and soil microbe management options for 

sustainable soil management (hypothesis 2). 

 Farmers are conversant and appreciate the use of nutrient models in soil 

management (hypothesis 3). 

 The mix of TLK and scientific knowledge is necessary in monitoring and 

managing soil quality and biota (hypothesis 4). 

 

This preliminary study is one of many others to promote a goal of sustainable and resilient, 

yet intensive dairy production to assist global food security, human and environmental 

wellbeing and profitable farming: efficient milk production for people, profit and the 

planet. 
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Chapter 2: Effects of conversion from sheep/beef to dairy farming, 

irrigation and effluent dispersal on earthworms, Waimate District, New 

Zealand    

Abstract 

 

New Zealand pastoral farming is undergoing intensification by conversion of sheep/beef 

farms to dairy, often supported by intensive irrigation. Dairy effluent dispersal is an 

important farming practice that raises efficient milk production and reduces pollution of 

waterways. This study measured how conversion, irrigation and effluent dispersal affect 

earthworm species composition, distribution, density, age structure and biomass by 

sampling earthworms across six treatments: (i) Dairy pastures with added effluent, (ii) with 

added water through irrigation, (iii) effluent and water added together, and (iv) neither 

water nor effluent were added; and sheep/beef pastures (v) without irrigation, and (iv) with 

irrigation. Altogether 615 Soil Monitoring Sites were sampled in 205 paddocks and 41 

farms in the Waimate District of New Zealand in winter and spring 2012. Four earthworm 

species were observed, but Aporrectodea caliginosa dominated (≈70% of individuals, 

≈65% of biomass).  Their density on dairy farms increased by 42% from untreated to 

effluent only treatments; and by further 95% where irrigated. Maximum density occurred 

where both effluent dispersal and irrigation occurs. Lumbricus rubellus (22.6% of 

individuals, 26.8% of biomass) increased by 32% where effluent had been spread on dairy 

paddocks, by 123% if the paddock was irrigated, and by 180% where both effluent and 

irrigation water was added together. Higher density and biomass in irrigated treatments 

was associated with a much higher proportion of juveniles in the L. rubellus population. 

Aporrectode longa was rare (5.9% of individuals, 5.2% of biomass) and appears to be 

driven locally extinct in many irrigated soils.  The strong experimental effects observed for 

all species between treatments were evident in the top 10 cm of soil only. Octolasion 

cyaneum was also recorded occasionally. Earthworm density was 15.4% to 36.6% and 

biomass was -3.3% to 55.8% higher on sheep/beef farms than dairy farms when equivalent 

treatments were compared. Many factors influence earthworm communities, but irrigation 

and effluent dispersal have strong over-riding effects that boost epigeic and endogeic 

earthworm abundance, probably by enhancing habitat, reducing risks of desiccation and 

providing extra food in the top 10 cm of soil. The comparative lack of anecic worms in 
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irrigated pasture probably reflects a higher water table, drowning or exacerbated bird 

predation when they are forced nearer to the surface. Further research is urgently needed to 

assess the implications of this reduction of the anecic earthworms under irrigation on 

sustainable soil and production. 

 

2.1 Introduction 

As ecosystem engineers (Lavelle, 1988; Jones et al., 1994), earthworms provide ecosystem 

services to agricultural ecosystems including nutrient uptake (Gallagher and Wollenhaupt, 

1997; Tan et al., 1998). Earthworms can improve the agricultural soil’s physical, chemical 

and biological properties, increase plant mineral uptake and so increase plant productivity 

and the efficiency of food and fibre production. Studies have focused on their responses to 

single factors such as tillage (Edwards and Bohlen, 1996a; Miura et al., 2008), chemical 

additions (Edwards and Bater, 1992), temperature (Briones et al., 2009), land use change 

(Malmström et al., 2009; Rossi et al., 2010), lime application (Hirth et al., 2009) and heavy 

metal contamination (Bengtsson et al., 1992). Earthworms have also been studied as soil 

quality indicators (Callaham Jr et al., 2006; Milcu et al., 2006; Zhiping et al., 2006; Iwai et 

al., 2008; Sizmur and Hodson, 2009) and for their roles in cycling and decomposition 

(Moller et al., 2005),  soil structure modification and turnover (Marinissen and Hillenaar, 

1997), water infiltration, soil drainage, root growth, aeration and enhancing biological 

activity (Edwards and Lofty, 1982a; Brown, 1995; Bouché and Al-Addan, 1997). Despite 

finding overwhelmingly benefits for agroecosystem sustainability and resilience, 

earthworms have occasionally also been associated with some negative outcomes, like 

accelerated nitrate leaching (Shuster et al., 2003; Lubbers et al., 2013) and plant cover 

residue loss (Frelich et al., 2006). 

Agricultural intensification to grow New Zealand’s export economy has been ongoing for 

150 years (Brooking et al., 2011).  Intensification has accelerated in the last 40 years 

through adding increasing quantities of ecological subsidies like water (through irrigation), 

fertiliser and supplementary feeds (MacLeod and Moller, 2006; Moller et al., 2008). 

Growth of New Zealand’s national dairy production has more recently been driven mainly 

by geographic spread of dairy farmland that is only economically viable because irrigation 

has been applied to accelerate grass growth. The geographic spread and associated 
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intensification of dairy farming through introduction of irrigation has been particularly 

notable in the South Island of New Zealand in recent decades. Intensive dairy farming 

leads to large quantities of effluent being deposited in milking sheds and yards. Effluent 

spreading onto paddocks provides a means of returning nutrients to land. 

Despite the putative importance of earthworms for building production and providing other 

essential ecosystem services, only three studies of earthworm populations under normal 

farm paddock
3
 conditions in New Zealand have been published (Smeaton et al., 2003; 

Fraser et al., 2012b), and only two studying the effects of effluent dispersal (Yeates, 1976; 

Degens et al., 2000). No studies have investigated the effects of conversion of sheep/beef 

farms to dairy, or separated the effects of adding irrigation water to pastoral soils, either 

separately or in combination with dairy effluent. My study investigated changes in the 

earthworm species composition, distribution, abundance and biomass in the Waimate 

District of northern Otago, South Island, New Zealand. I mainly studied earthworm 

abundance, biomass and diversity on dairy farms that had relatively recently been 

converted from sheep/beef farming to dairying by adding irrigation water and effluent 

dispersal management regimes. Earthworms were also studied on a smaller number of 

sheep/beef farms intermingled amongst the irrigated dairy farms.  This allowed reference 

comparisons to infer the likely effects of dairy conversion on the earthworms.  

 

Soil moisture regulates earthworm populations by increasing reproduction and survival of 

egg cocoons and adults (Keplin and Broll, 2010).  However survival reduces in flooded   

laboratory conditions (Zorn et al., 2008) and many long-term effects of irrigation on soil 

structure, quality and aeration could indirectly reduce or enhance earthworm abundance. 

Adding water and effluent might eliminate some species or introduce new ones (Smetak et 

al., 2007). Covering paddocks with water can either increase (Schütz et al., 2008) or 

decrease (Ausden et al., 2001) earthworm abundance and diversity depending on presence 

of food resources and length of flooding. In Waimate District watering cycles usually 

consist of 1 to 2 days followed by a 15-day “drying” period. While drying periods may be 

prolonged during rainy periods, especially in spring or autumn, the average wetting 

frequency is every 17 days (Robin Murphy, personal communication).  

 

                                                           
3
 New Zealand farmers refer to individual farm fields as “paddocks”.  
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Farm conversion, effluent dispersal and especially the wetting and drying cycles are very 

likely to influence earthworm abundance, density or diversity and consequently their 

ability to deliver ecosystem services. Understanding how earthworms respond may help 

farming efficiency and sustainability by developing management and monitoring tools that 

optimise production and minimise impacts on the earthworms’ ability to deliver services. 

This study predicted that irrigation and effluent dispersal both have a positive impact on 

earthworms and promote their density, reproduction and biomass (Hypothesis 1). New 

Zealand dairy farming is much more intensive than sheep/beef farming (Carey et al., 2010; 

Norton et al., 2010) and there is faster turnover of pasture biomass associated with higher 

stocking rates and milk rather than sheep/beef meat and fibre production.  Because of the 

broad scale relationship between biomass turnover and earthworm abundance (Scheu, 

2003), it was predicted that earthworm abundance will increase when land is converted 

from sheep/beef to dairy farming, even if water was not added (Hypothesis 2).  Finally the 

study predicted that earthworm abundance would be greatest of all where land is converted 

to dairy production and irrigation water is supplied,  provided of course that the expected 

boost of earthworms from irrigation and farm conversion held true (Hypothesis 3, if 

Hypothesis 1 and 2 are true). 

 

2.2 Methods 

2.2.1 Study area  

This research was conducted on 41 farms (36 dairy, 5 Sheep/beef) from within the 

Waimate District of South Canterbury, South Island, New Zealand. The district borders the 

Waitaki River in the south, Pareora River in the north and the Hakataramea Valley to the 

West. It supports productive pastoral and cropping farming that forms a typical New 

Zealand agroecosystem landscape with irrigation on the flat areas of the Waitaki Basin and 

a smaller number of sheep/beef farms with irrigation on the flanking hills (Figure 2.1).  

They all were members of the MGI irrigation scheme and had converted their farms to 

dairy from sheep/beef sometime (30 – 5 years ago) once the Morven Glenavy Ikawi 

Irrigation Company (MGI) scheme had been constructed in late 1970s. MGI became more 

active after it purchased the Redcliffs scheme from the Crown in 1985. The scheme 

currently supplies water to 24,000 hectares of land. Three types of irrigation were sampled, 

border dyke, Spray (Centre pivot) and K-line (Photography 2.1a, b, c & d). 
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 2.2.2 Soils of the study area  

The soils in the study region covered two different soil landscapes settings. The Claremont 

– soils of the downs are on the landform that is mostly rolling to moderately steep (8 – 25 

degrees) north of Waimate and they comprised most of the unirrigated study farms. These 

fragic perch-gley pallic soils are mostly formed from loess deposited on the landscape 

during and soon after the glaciation. The drier coastal downlands have a distinctive, 

compared to a fragipan layer at approximately 50 cm depth. As rainfall increases, inland, 

this fragipan becomes less distinctive and the soils become more friable, with more 

developed structures, yellowish – brown subsoils and lower nutrient content.  The top soil 

structure of these soils is mostly weakly to moderately developed and the soils can be 

structurally unstable and are prone to wind and rill erosion when cultivated, especially if 

organic matter levels are low.  Some loess is easily dispersed when wet resulting in tunnel 

gully erosion, especially if the surface is bared or cracked. 

On the other hand, the soils just south of Waimate are mostly formed from a layer of 

alluvium and/or loess over gravels whose pattern is influenced by the depth and degree of 

stoniness of the fine material (mostly silt loams or stony silt loams to fine sandy loams or 

stony fine sandy loams). These soils include range from Morven, Templeton, Pukeuri, 

Steward, Mayfield and Pahau families and can vary over very short distances and even 

within a paddock. These soils form patterns of shallow and stony, deep and gleyed on the 

intermediate and low terraces and floodplains while on the high terraces along the Waitaki 

River the soils are mostly shallow and stony, although deeper, recent loess derived soils 

were found. Soil structure of these soils tends to be moderately developed friable crumb 

and they generally have low to moderate organic matter levels. The combined friability, 

moderate structure development, stony silt loam to stony fine sandy loam texture, free 

drainage, low organic matter levels and relatively low rainfall means that soil aggregate 

stability is vulnerable to decline with cultivation, resulting in smaller soil aggregate size 

and increased risk of wind erosion. This same combination of soil properties means that 

soil compaction is not likely to be an extensive problem unless there is excessive weight 

loading when the soils are wet. See Appendix 2.1 for detailed information of the soil types 

and their characteristics. 
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Photograph 2.1 Irrigation types used in the Waimate District dairy farms 

                  
(i) Spray irrigation disperses water in a wide cycle while moving slowly across 

the paddock, usually with one end fixed at the end of the paddock so that the 

boom moves in an arc over the field (a few other systems irrigate a rectangular 

area across the paddock). 

(ii) K-Line irrigation delivers water from ‘pods’ laid along a line that 

spreads across the paddock. The entire line is moved by quad bikes. K line is 

also used for spreading effluent by some farmers. 

               
(iii) ‘Border dyke’ irrigation relies on passive flow of water where gates are 

opened between irrigation races until paddock is completely flooded. 

(iv) A paddock completely flooded by water 10-30 cm deep following 

border dyke irrigation. 
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The current trend is to move away from border dyke to centre pivot and K-line (Robin 

Murphy and John Smith, personal communication). Centre pivot uses less water while K-

line is suitable in irrigating areas that are not absolutely flat. More stringent water use 

conditions (with penalties for non-compliance) are anticipated in future to ensure efficient 

water use, pollution control. 

Nine unirrigated dairy farms were selected from the nearby Waimate catchment (Table 

2.1), the nearest available to the MGI irrigation scheme, for baseline comparison of 

earthworm ecology that is most likely to have prevailed before conversion happened in the 

Waitaki Basin (Table 2.1).   The unirrigated farms were slightly larger in size than the 

irrigated farms, but their stock rate was considerably lower so that overall stocking rate 

was around double as high in the irrigated panel (Table 2.2). 

All the dairy farms had some form of effluent dispersal for soil fertility management and 

pollution control. Cow faeces and urine washed from the concrete surfaces of the milking 

shed and its yards is first stored in a settling pond before being pumped and spread over 

paddocks by rotary sprinklers (Photograph 2.2) or sometimes as part of a water spray 

irrigation system. Effluent dispersal tends to be more intense in spring time and rarely 

happens in the winter period. 

 

2.2.3 Selection of study farms 

The MGI management team advised which farmers to approach for permission to sample 

on their property. I sought farms that had at least two and, for preference, four of the 

desired treatments (Table 2.3): ‘Effluent only’; ‘Irrigation only’; ‘Effluent & irrigation’; 

and ‘Untreated’ (no added water or effluent). When selecting farms and focal paddocks for 

sampling, I combined three different methods of irrigating (Border-dyke, K-Line and 

Spray) into a single “Irrigated’ treatment. Finding areas of unirrigated paddock was the 

most difficult within the ‘Waitaki group’ because dairy conversion nearly always added 

irrigation to all parts of their farm. Many of the unirrigated paddocks sampled were corners 

of large paddocks where ‘centre-pivot’ irrigators (Photograph 2.1a) could not reach, 

smaller areas in ends of races, stream margins and occasional home paddocks near houses. 

I therefore added another 9 farms in the ‘Waimate group’ (Fig. 2.1; Table 2.1) which were 

not connected to the MGI irrigation scheme (i.e. they had no irrigation on any part of their 
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farm, though all had effluent dispersal areas). Altogether, 162 of my 274 unirrigated dairy 

samples were from these ‘dry’ farms in the Waimate group.   



31 
 

Table 2.1 Earthworm sampling during winter and spring 2012 for this study. 

 Winter Spring  

Irrigation condition of farms Irrigated Unirrigated Irrigated Unirrigated 

Number of study farms 18  

(0)
†
 

3  

(0)
 †

 

11  

(0)
†
 

12              

(9)
 † 

 

Number of focal paddocks 78 

(0)
†
 

(18)
† 

(0)
†
 

55 

(0)
†
 

45 

(45)
† 

 

 

Number of Soil Monitoring Sites 234 

(0)
†
 

54 

(0)
†
 

165 

(0)
†
 

162 

(162)
†
 

† 
Numbers in brackets give subtotals and means for farms in the Waimate Group only. 

 

 

Table 2.2 Mean area and stocking rates of dairy farms sampled in this study. The means 

and p-values were calculated from a simple analysis of variance using Genstat statistical 

software. 

Irrigation condition of farms Irrigated Unirrigated p-value 

Mean farm size (hectares)        

 (se = 58) 

261 356 0.123 

Cows milked    

(se = 148) 

843 534 0.048 

Stocking rate   (Cows/ha)  

(se = 0.2) 

3.3 1.6 <0.001 
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Photograph 2.2 Rotary effluent spreader spreading effluent onto a paddock. 

 

 

Figure 2.1 Map showing location of sampled farms. (Source: modified from Google maps 

https://maps.google.co.nz/maps?q=waimate+map accessed on 9
th

 February 2014). 

https://maps.google.co.nz/maps?q=waimate+map
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Table 2.3 Treatment levels and code names as used in the analysis of this thesis 

experiment treatments.  

 

Treatment level Code name as used in this thesis 

a) Treatment levels and code names for analysis in dairy only treatments 

1 

Paddocks that neither receive irrigation 

water nor effluent 

Untreated  

2 

Paddocks that receive effluent but not 

irrigation water 

Effluent only 

3 

Paddocks that receive irrigation water 

but not effluent 

Irrigation only 

4 

Paddocks that receive both irrigation 

water and effluent 

Effluent and irrigation 

b) 

Treatment levels & code names for analysis in sheep/beef and irrigated dairy only 

 

1 

Paddocks in dairy farms not receiving 

irrigation water 

Dairy unirrigated  

2 

Paddocks in sheep beef farms not 

receiving irrigation water 

Sheep/beef unirrigated  

3 

Paddocks in dairy farms receiving 

irrigation water 

Dairy irrigated  

4 

Paddocks in sheep beef farms receiving 

irrigation water 

Sheep/beef irrigated   

 

 

 

2.2.4 Sampling times 

‘Winter’ sampling was carried out beginning on 28
th

 of April. Recruitment of participating 

farms was slower than hoped and more time was required for sampling than expected, so 

by 22 June 2012 only 20 farms had been sampled (my goal was to sample at least 40 

farms), all on the eastern and coastal flank of the Waitaki Basin. A large flood then 

intervened, triggered by torrential rain (141 mm) between 2 August and 25 August 2012.  

This forced delay in sampling.  Prolonged saturation of the paddocks (many were covered 

by standing water for up to 14 days) may have altered soil quality measures and earthworm 

abundance.   

The restricted distribution and uneven sampling between treatments in this winter 

sampling (Table 2.1) could have hampered my conclusions. It was therefore necessary to 

carry out a second sampling session (‘spring’) in the month of September 2012 to balance 

the data set and account for the prolonged seasonal span of the entire sampling.   The 

preliminary statistical modelling therefore incorporated a ‘season.treatment’ interaction 
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term to assess whether the strength and direction of differences in earthworms between 

treatments changed between winter and spring. A significant interaction effect might 

indicate that the initial unbalanced design and intervening floods had greatly altered my 

conclusions regarding treatment effects. 

Vertical distribution of earthworms varies diurnally (Curry, 1994) and effluent was usually 

spread during daytime.  Therefore I alternated effluent paddock measurements between 

mornings and afternoons in successive days. Similarly sampling in irrigated and 

unirrigated dairy farms was alternated between sampling days over the study period so that 

seasonal changes in earthworms would be less likely to confound apparent treatment 

effects. Sampling of sheep/beef farms was interspersed between dairy farms for the same 

reason. 

 

2.2.5 Selection of focal paddocks and Soil Monitoring Sites 

A quasi-experimental design was set up that involved the inclusion of at least two 

paddocks with a different soil management treatment within each property.  Depending on 

the property’s overall management, there was a minimum of four paddocks (two replicates 

of two treatments present), with some having eight paddocks (two replicates of four 

treatments) amongst the dairy farms. Where possible, I selected focal paddocks that had 

dry patches within them for comparison purposes.  The information of interest here was 

whether and when it received effluent and/or irrigation water, the last day the paddock was 

grazed, for how long and how many cows grazed the paddock. 

None of the sheep/beef farms collect and disperse animal excrement, so there were always 

two replicates of each of two treatments (irrigated cf. unirrigated) from the Sheep/beef 

farms. Dairy and sheep/beef stocking effects are therefore only compared against 

equivalent irrigated and unirrigated treatments pastures.  

Three random ‘Soil Monitoring Sites’ (SMSs) were positioned within each focal paddock 

using a table of random numbers for grid co-ordinates, with the following provisos: SMSs 

were always at least 30 m away from each other, trees, fences, gateways and water 

troughs. These restrictions sought to minimize variance between samples by avoiding 

areas where stock congregate and trample the soil. Additional soil was gathered from 
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around the hole dug to measure the earthworms for soil quality sampling (described in 

Chapter 3), so each SMS was defined as a 15 x 15 m quadrat centered on its random 

coordinates within the focal paddock. Each SMS was assigned a unique ‘SMS number’  

 

2.2.6 Earthworm sampling  

Earthworms at each SMS were extracted from the ‘Top’ 10 cm and then the ‘Bottom’ 10-

20 cm layer of a 20 centimeter square plug of soil.  Earthworms and soil quality is 

normally only assessed in the top 20 cm of the soil in this way (Shepherd, 2009), but I 

divided the samples in half to test for changes in the vertical distribution of the various 

species.  Care was taken to cut the hole with vertical sides using a spade so the results can 

be expressed as density (numbers m
-2

) and biomass (g m
-2

). During spring sampling, I also 

continued to dig a further 10 cm plug of soil out from the bottom of the sample hole to 

count the number of earthworms occurring beneath the normal standard sampling depth. 

The added layer underneath the normal sampling depth was added to check potential bias 

in sampling between treatments (a higher proportion of the worms may have escaped 

detection in dryer treatments by burrowing deeper).  The successive layers are referred to 

as the ‘Top’ (0-10cm), ‘Bottom’ (10-20 cm) and ‘Under’ (20-30 cm) layers in this thesis.  

The soil, rocks and vegetation extracted from each layer was placed onto a plastic sheet 

and searched for earthworms by sorting and crumbling the soil matrix by hand (Edwards 

and Lofty, 1977) (Photograph 2.3). Earthworms were separated into adults and juvenile 

based on the presence of clitellum and identified to species using external morphology 

keys and description provided in the literature (Lee, 1959a, b). The observed worms were 

divided into the three ‘functional groups’ based on their location, body colour, shape, size 

and ecological roles (Lee, 1985): i.e. 

1. Epigeic worms are found on the surface (they do not form burrows) where they dwell and 

feed on the litter layer.  They are normally highly pigmented. They include Lumbricus 

rubellus (Hoffmeister) which was found in this study.  

2. Endogeic worms form horizontal, usually temporary burrows.  These worms feed on soil. 

They are mostly pale in colour. They include Aporrectodea calignosa (Savigny) and 

Octolasion cyaneum (Savigny) which were found in this study. 
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3. Anecic earthworms make permanent vertical burrows in soil. They feed on leaves on the 

soil surface that they drag into their burrows. They also cast on the surface; they are large 

worms, often dark at the head end and paler near the tail.  They include Aporrectodea 

longa (Ude) which was found in this study. 

During ‘winter’ samples, pooled samples of all the juveniles and another of all the adults 

from each layer were weighed using an electronic balance, accurate to 0.1g. During 

‘spring’ sampling, separate samples of juveniles and adults of each species were weighed 

separately. Biomass was calculated as the fresh weight of worms m
-2

. 

 

 

Photograph 2.3 Earthworm sampling and sorting effort - In this photo, hand sorted 

earthworms are ready for identification and weighing. The worms are grouped into three; 

(a)  A. caliginosa adults (identified by their pale color and the three distinct shades of color 

at the front end of the worm), (b) A. caliginosa  juveniles (c) the two worms  in c the adult 

is  O. cyaneum (identified by their pale rosy pink colour with a distinct yellow tail) while 

the juvenile beside it was not identified. 

a 

b 
c 
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2.2.7 Statistical analysis 

Differences in earthworm density, biomass and other properties among treatment types 

were analysed using GenStat™ for windows (release 16) statistic software. Earthworm 

density and biomass data were expressed on a per square metre basis, that is earthworm 

numbers or grams fresh weight present in a square metre of area to the depth dug.  

GenStat’s Residual Maximum Likelihood (REML) routine was used to test for differences 

between treatments for all continuous and normally distributed variables (worm counts, 

biomass, and weight). REML was considered most appropriate because of the unbalanced 

nature of the design (not all study farms had all treatments available despite my best efforts 

to find complete replicates).  

Building stable predictive models with well distributed residuals usually proved 

impossible in the case of A. longa because there were a large number of zero counts 

(absences). I therefore followed the approach recommended by Fletcher et al. (2005) of 

splitting the modelling (still using REML) into (i) a binary regression step (predicting the 

probability of A. longa being present in a given SMS for each treatment), followed by (ii) 

an ordinary regression approach where I predicted the density (or biomass) in treatments 

using only those SMSs where one or more A. longa individuals were found.  The first step 

used the logistic probability model and second step used the normal probability model.   

Treatment, season, layer and earthworm species were assigned as fixed effects, and 

interactions between them incorporated where appropriate. To account for the lack of 

independence and hierarchical nature of the sampling, random effects were always nested 

as Property/Paddock/SMS within the REML models. Property was chosen as the 

overarching blocking variable because features of each whole farm are those most likely to 

affect earthworms (e.g. location, altitude, predominating soil type, farm stocking rate, 

management strategy of the owner or manager). Each paddock is the next spatial scale 

down and the main management unit deployed for day-to-day farming decisions (grazing 

rotors, irrigation cycle, fertilisation) and local conditions (e.g. drains, shelterbelts, soil 

type, long term history of ploughing or irrigation, days since last irrigation of effluent 

spreading). Where multiple counts are taken from the same hole, the final blocking stratum 

was each SMS to account for very local variations (e.g. Soil structure and rocks, humps 

and hollows in the paddock, distance to shelterbelts or drains). 
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Preliminary models were constructed and residuals inspected to check for 

heteroscedasticity and to ensure that the residuals were distributed evenly around the 

predicted means. The significance of predictor variables were assessed by Wald’s tests and 

each model’s predicted Maximum Likelihood Means were displayed in all the tables. 

When the response variables were proportions based counts, I used an underlying binomial 

probability function within Genstat’s Generalised Linear Mixed Models (GLMM) 

routines. For example, variation in the proportion of individual worms found ‘Under’ the 

normal inspection hole was estimated using a GLMM in which the number found 

underneath was scaled against the number found in the Top, Bottom and Under layers 

combined. This choice of model allowed the same blocking structure as incorporated in the 

REMLs and thereby to account for the lack of independence of adjacent samples.  Biomass 

proportions are continuous rather than discrete counts and will not be normally distributed. 

Therefore I used Arcsine transformations of the proportions (Sokal and Rohlf, 1981) to 

normalise variances within REML models incorporating the usual blocking structure to 

account for lack independence of nearby SMSs. Predicted arcsine means and confidence 

intervals were back-transformed in all tables, but the p values reflect the tests done on the 

arcsin transformed data. 

 

2.3 Results 

2.3.1 Earthworm Species diversity  

Earthworm diversity was low, with one to four species present in a SMS sample (0-20 cm 

deep) on 10.0%, 61.2%, 23.0% and 5.8% of cases respectively. No New Zealand native 

earthworm species were recorded. Amongst 7,231 identifiable worms recovered, A. 

caliginosa was by far the most abundant and widespread (Table 2.4).  O. cyaneum 

occurred only occasionally, and mainly (76.2%) in the top layer and only two earthworms 

in the ‘Under’ samples. Overall 53.8% of this species was found in winter; 62.8% were 

juveniles; and 25.0%, 4.5%, 43.2% and 27.3% were recovered from untreated, effluent 

only, irrigation only and effluent and irrigated SMSs respectively. In view of their 

extremely low abundance, O. cyaneum are not considered further in analysis.  Most 

(71.6%) of the unidentifiable worms were juveniles, but occasionally highly desiccated 

larger individuals could not be assigned to a species.  
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Table 2.4 Number of earthworm species, biomass and the occurrence, in total, 615 Soil 

Monitoring Sites were sampled for this study).  

Species Individuals
‡
 Biomass (g)

†
 Occurrence (% of all  

SMSs) 

A caliginosa,  4927 516.7 97.8% 

 68.1% 66.5%  

L. rubellus  1631 172.6 79.7% 

 22.6% 24.2%  

A. longa  268 40.4 24.3% 

 5.9% 5.2%  

O cyaneum 156 24.1 6.0% 

 2.1% 3.1%  

Unidentified 88 5.4 11.9% 

 1.2% 0.7%  

‡ 
Winter and spring sampling counts are combined in this column. 

† 
Biomass measures for individual species reported in this column are only available for the spring sample 

period. 

 

2.3.2 Did detection bias confound tests of treatment effects? 

The convention for sampling soils and earthworms has been to dig to 20 cm deep 

(Shepherd, 2009). However, casual observations during winter sampling raised concern 

that a significant proportion of the burrowing species were occurring below 20 cm and 

therefore remaining undetected by the normal sampling protocols. If irrigation altered the 

normal water table depth in ways that altered the depth of burrows, or the time that worms 

remained at the deepest portion of burrows, a detection bias could confound my 

exploration of earthworm population changes between treatments.  Therefore, in spring I 
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modified the sampling protocol by digging a further 10 cm below the standard sample and 

counted the worms in ‘Under’ sample separately.   

This cross-check confirmed that many additional worms were being missed by normal 

sampling depths. During spring sampling of untreated pasture, 16.3% - 22.6% (95% 

confidence interval) of individuals from all earthworm species were missed when the top 

20 cm were sampled; and 10.1 – 18.8% of their collective biomass (Fig. 2.2).  There were 

highly significant differences in the percent missed between treatments for A. calignosa, A. 

longa, all species combined and in worm biomass (Fig 2, Table 2.5).  For example, only 

3.7% - 5.6% of A. longa were missed from the effluent & irrigation treatments, compared 

to 14.6% - 20.8% in the untreated pastures. L. rubellus is an epigeic species that remains 

on the soil surface, so we can be confident that all of them were found. 

 

 

Figure 2.2 Percentage earthworms found under normal sampling depth. (The normal 

sampling depth was 20cm during spring sampling).  The error bars in this figure indicate 

95% confidence intervals for the percent missed.  
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All subsequent analysis and modelling presented in this thesis has excluded the ‘Under’ 

sample data so that both the winter and spring data can be used.  It must be remembered 

that these normal sampling depth results are underestimates and partly biased between 

different treatments. Therefore I calculated the mean differences in percent of earthworms 

missed for each treatment and species comparison to estimate the size of this detection bias 

(Table 2.5). Any observed differences earthworm parameters between treatments that 

follow can only be considered real if they exceed the upper 95% confidence interval of the 

estimates of bias in Table 2.5. 

It is very unlikely that still more earthworms were missed below the ‘Under’ samples.  

There was little soil structure by the time 30 cm of the ground had been reached (usually it 

was compacted clay) and there was no dark colouration to indicate organic matter was 

present. All suitable habitat for earthworms had been excavated, so the bias estimates in 

Table 2.5 are therefore likely to be accurate.    

 

2.3.3 Did seasonal changes and flooding interfere with detection of treatment effects?  

There was no significant interaction term (Treatment.Season) in the initial REML models 

(p>0.05, Table 2.6) in all cases except for adult density (p=0.043; Table 2.5). The latter 

effect relates mainly to a drop in adult density in spring where effluent had been spread, 

whereas earthworm numbers were either maintained or increased between winter and 

spring in other treatments and parameters (Table 2.6, Fig. 2.3).  This suggests that the 

unbalanced sampling (between treatment types) and restricted location of samples during 

winter has not greatly confounded my conclusions, with the potential exception of 

effluent-only treatment.  Similarly, any impact of the flood that intervened between winter 

and spring sampling, or the consequent elongated duration of the sampling period 

(allowing for seasonal changes) is unlikely to have altered the relative density and biomass 

of earthworms between treatments. This finding also enabled me to drop the 

Treatment.Season interaction term from all subsequent analyses in the study, thereby 

creating a more parsimonious model to test for treatment effects. 
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Table 2.5 Estimates of bias when comparing earthworm density and biomass between different treatments.  These were calculated from the 

differences in % of worms missed in each treatment as shown in Figure 2, together with the 95% confidence interval of those differences. 

Comparison A. calignosa density A. longa density All species density† All species 

biomass† 

Untreated vs effluent only  5.6%                        

(5.0% - 6.3%) 

4.5%                        

(3.9% - 5.2%) 

5.6%                        

(4.8% - 6.3%) 

1.3%                       

(0.1% - 1.6%) 

Untreated vs Irrigated only 8.9%                        

(8.1% - 9.7%) 

10.9%                        

(9.2% - 12.8%) 

11.6%                        

(9.9% - 13.4%) 

7.6%                        

(5.6% - 9.9%) 

Untreated vs. Effluent & 

Irrigated  

9.8%                        

(9.1% - 10.6%) 

12.9%                        

(10.9% - 15.2%) 

12.1%                        

(10.4% - 14.0%) 

9.2%%                        

(6.8% - 12.2%) 

Effluent only vs. Irrigated 

only 

3.3%                        

(2.7% - 4.0%) 

6.4%                        

(5.3% - 7.5%) 

6.0%                        

(5.1% - 7.0%) 

6.3%                        

(4.6% - 8.3%) 

Effluent only vs. Effluent 

and Irrigated 

4.2%                        

(3.5% - 5.0%) 

8.4%                        

(7.0% - 10.0%) 

6.6%                        

(5.6% - 7.7%) 

7.9%                        

(5.8% - 10.5%) 

Irrigated only vs. Effluent & 

irrigated 

0.9%                        

(0.4% - 1.5%) 

2.0%                        

(1.7% - 2.5%) 

0.5%                        

(0.5% - 0.6%) 

1.6%                        

(1.2% - 2.3%) 

† 
this includes L. rubellus (an epigeic species which does not burrow) and O. cyaneum which was only found very occasionally) 
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The large number of SMSs with no A. longa prevented calculation of the same REML 

models.  The proportion of samples with at least one A. longa did not differ between 

treatments (Table 2.6).  Similarly, there was no evidence (p=0.356) that the density of A. 

longa varied significantly between treatments when the analysis was restricted to SMS 

with some longa found (Table 2.6).   

The overall abundance of worms increases in spring (p=0.009).  This appears to result 

mainly from an increase in juveniles and from changes in the most abundant species, A. 

caliginosa (Fig 3, Table 2.6). Earthworm recruitment, growth and maturation often 

accelerate in the warmer soil temperatures of spring after a winter quiescence (James, 

1992), so this result is expected.   

As season has affected earthworm numbers and biomass estimates, all subsequent 

exploration of treatment effects have retained season, but from now on only as a random 

blocking effect.  This minimises the unexplained variance in the models and increases the 

power to detect treatment effects which are the primary focus of my inquiry (season was 

more of a ‘nuisance’ variable in my research agenda). As around half the sampling 

occurred in winter and half in spring, the predicted means following are therefore best 

interpreted as an average of the winter and spring for each treatment.  

 

2.3.4 Variation in earthworms between treatments 

Detection of mean differences in earthworms between treatments was statistically 

challenging because their density was inherently extremely variable: it ranged from no 

individuals to 1,112 individuals m
-2

 in a single SMS.  The maximum biomass recorded at a 

single SMS was 422.6 g m
-2

. Thirty-seven of the 615 SMSs recorded no earthworms at all. 

Despite this, many highly significant differences were found between treatments and are 

now described. 
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Figure 2.3 Variation in earthworm measurements between Winter and Spring samplings (the error bars here and all subsequent graphs show ± 

2 x SEs (an approximation to 95% confidence intervals)). 
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Table 2.6 Separate estimates of earthworm measures for winter and spring interaction. 

Earthworm measurement 

  

Layer 

  

  

Age 

  

Mean estimates from each treatment and test of interaction between treatment and the effect of season  

Untreated Effluent only Irrigation only Effluent & Irrigation p-value 

Winter Spring Winter Spring Winter Spring Winter Spring se   

Density, all species (worms m-2) Top & Bottom Adults & 

Juveniles 

216 342 359 460 582 642 703 865 86 0.336 

Biomass, all species (g fresh weight 

m-2) 

Top & Bottom Adults & 

Juveniles 

61.5 71.5 96.0 111.6 186.5 188.9 222.9 280.0 28.9 0.460 

Density,  all species (worms m-2) Top & Bottom Adults 96 109 203 157 176 198 213 273 31 0.043 

Density, all species (worms m-2) Top & Bottom Juveniles 113 236 188 299 416 443 498 593 71 0.380 

Density, A. caliginosa (worms m-2) Top & Bottom Adults & 

Juveniles 

169 253 175 329 428 479 477 619 71 0.270 

Density, all species(worms m-2) Top Adults & 

Juveniles 

165 289 291 411 563 619 677 841 86 0.268 

Biomass, all species (g fresh weight 

m-2) 

Top Adults & 

Juveniles 

47.5 57.4 91.0 100.6 182.1 173.9 217.3 271.8 28.4 0.187 

Density L. rubellus (worms m-2) Top Adults & 

Juveniles 

61 83 124 107 179 175 217 242 41 0.607 

Density, all species (worms m-2) Bottom Adults & 

Juveniles 

111 78 89 78 61 58 71 82 17 0.178 

% of SMS with at least 1 A. longa 

present  

Top &Bottom Adults & 

Juveniles 

34.6 37.9 19.4 16.7 5.9 5.2 8.2 11.5 4.6 0.127 

Density of A. longa just in SMSs with 

at least 1 A. longa (worms m-2) 

 Top & 

Bottom 

Adults & 

Juveniles 

77  75 65  44 77  44 72 48  23 0.356 
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Table 2.6 cont’d  

Earthworm measurement   

Layer 

Age Mean estimates for treatment and tests of its main effect Mean estimates for season and tests of its 

main effect 

Untreated Effluent 

only 

Irrigation 

only 

Effluent & 

Irrigation 

se 

 

p-value Winter Spring se p-value 

Density, all species (worms m-2) Top & Bottom Adults & 

Juveniles 

279 410 612 784 67 <0.001 465 578 56 0.009 

Biomass, all species (g m-2) Top & Bottom Adults & 

Juveniles 

66.6 103.8 187.7 251.5 22 <0.001 141.7 163.1 19 0.034 

Density,  all species (worms m-2) Top & Bottom Adults 103 171 197 243 11 <0.001 172 185 32 0.130 

Density, all species (worms m-2) Top & Bottom Juveniles 174 244 430 547 54 <0.001 304 393 44 0.024 

Density, A. caliginosa (worms m-2) Top & Bottom Adults & 

Juveniles 

211 252 453 548 56 <0.001 312 420 46 <0.001 

Density, all species (worms m-2) Top Adults & 

Juveniles 

227 352 591 759 67 <0.001 424 541 55 0.012 

Biomass, all species (g m-2) Top Adults & 

Juveniles 

52.4 95.8 178.0 244.6 8.6 <0.001 134.5 151.2 18.2 0.136 

Density L. rubellus (worms m-2) Top Adults & 

Juveniles 

72 116 177 231 12 <0.001 145 152 26 0.552 

Density, all species (worms m-2) Bottom Adults & 

Juveniles 

95 59 83 76 14 0.038 83 74 11 0.508 

% of SMS with at least 1 A. longa 

present  

Top &Bottom Adults & 

Juveniles 

36.7 24.6 4.8 11.8 3.2 0.038 16.8 14.7 4.8 0.659 

Density of A. longa (worms m-2) -only 

SMSs with at least 1 A. longa  

 Top & Bottom Adults & 

Juveniles 

 76 54  61 58 17  0.536 68 57  13 0.246 
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Effect size for different irrigation application methods 

Three irrigation application methods are used by farmers (Border-dyke, K-Line and 

Spray). I first checked whether the three methods have any differential effects on 

earthworms. There was no evidence for differences in total worm density, their biomass, 

the proportion that were juvenile or in the density of L. rubellus (Table 2.7). However 

there was a significant (0.047) interaction between irrigation method and the effects of 

effluent on density of A. calignosa. This primarily resulted from relatively lower density in 

Border-dyke SMSs that received no added effluent. The difference between irrigation 

types disappeared where effluent had been added. When irrigation method is considered as 

a main effect, there is a nearly significant (0.061) reduction in average density of A. 

calignosa in the Border-dyke areas.   

Overall there were insufficient farms with the same irrigation method to reliably and 

separately replicate tests of each irrigation method. Also the effect of irrigation method 

appears to be relatively slight and restricted to one treatment only. Accordingly, for the 

remainder of this analysis I have combined all irrigation methods as a single treatment 

comparison (‘Irrigated’ vs. ‘Unirrigated’).     
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Table 2.7 Earthworm estimates for different irrigation methods (Border-dyke, K-line and Spray) on dairy farms with and without effluent 

added). 

 Earthworm 

measurement  

Mean estimates from each treatment and test of interaction between irrigation 

method and the effect of adding effluent 

Mean estimates for  irrigation method and 

test of its main effect 

Mean estimates for effluent and tests of 

its main effect 

Border-

dyke, No 

effluent 

K-line, 

No 

effluent 

Spray, 

No 

effluent 

Border 

dyke, 

Effluent 

added 

K-line, 

Effluent 

added 

Spray, 

Effluent 

added 

 se p-

value 

Border-

Dyke 

K-

Line 

Spray se p-

value 

No 

Effluent  

Effluent se p-value 

Total density, all 

species and ages 

– top & bottom  

(worms m-2) 

581 642 631 744 789 794 76 0.971 662 716 713 53 0.516 618 776 34 <0.001 

Total Biomass, 

all species & 

ages-top & 

bottom  (g m-2) 

176.9 195.6 205.8 239.7 245.3 253.7 20.6 0.791 208.3 220.4 229.8 16.9 0.360 192.8 246.2 11.12 <0.001 

% juveniles of 

all species & 

ages – top and 

bottom 

70.0% 71.2% 

 

69.6% 

 

68.3% 

 

68.1% 

 

71.4% 

 

5.3% 0.519 69.2% 69.7% 70.5% 3.7% 0.794 70.3% 69.3% 2.5 0.282 

Total  A. 

caliginosa all 

ages - top & 

bottom (worms 

m-2) 

394 494 504 554 545 602 34 0.047  459 519 553 39 0.061 470 551 27 0.001 

Total L. rubellus 

all ages – top & 

bottom (worms 

m-2) 

190 175 166 226 231 228 25 0.636 208 203 197 21 0.735 177 229 13 <0.001 

% of SMS with at 

least 1 A. longa 

present (top & 
bottom) 

0.1 6.2 2.5 5.8 12.4 13.1 6.6 0.519 1.2 8.8 3.9 5.4 0.794 1.2 9.9 7.6 0.282 
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 Variation in earthworm density and biomass between treatments 

Untreated paddocks had the lowest density and biomass of earthworms, less than half the 

number found on average where effluent and water are both added (Fig. 2.4, Table 2.8).  

Addition of water had about double the effect of adding effluent alone. Combined addition 

of effluent and water appears to result in almost directly additive effects, suggesting that 

water and effluent act as largely independent drivers of increased earthworm abundance 

and biomass. These changes were mainly driven by large increases in A. calignosa and L. 

rubellus (Fig. 2.5) in effluent and especially irrigation treatments.  The patchy distribution 

of A. longa (many absences) forced the two stage assessment of treatment effects for this 

species: The proportion of SMSs with at least one A. longa present declined slightly where 

effluent had been spread, and very dramatically where irrigation occurs (Fig. 2.5). This 

suggests that irrigation is driving A. longa extinct from many local areas.  However, there 

is no evidence that the density of A. longa is depressed in the effluent or irrigation 

treatments when only considering SMSs where A. longa persists (Fig. 2.5).  

The abundance of A. longa, an anecic species, is potentially very important for ecosystem 

services.  Accordingly I further investigated whether the apparent disappearance of A. 

longa from Irrigated and Effluent & Irrigated treatments was equally common in the 

different irrigation application methods. 

 

Vertical distribution of earthworms in different treatments 

The number of earthworms in the bottom half of the sample holes stayed remarkably 

similar between treatments, whereas the number above varied threefold between 

treatments: many more earthworms were found in the top half of the Effluent, Irrigated and 

especially in Effluent & irrigated SMSs (Fig 2.6).   

The water table or lack of food may prevent earthworms from inhabiting the 10-20 cm 

layer of the soil in many places, or the treatment additions of effluent and water may make 

the top 10 cm more inhabitable.  Whatever its ecological mechanism, it is clear that the 

main and very strong treatment effects discovered in this study are entirely occurring in the 

very top layers of the soil, even for the burrowing species.   
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Figure 2.4 Earthworm density and biomass for different treatments. All species, layers (top 

and bottom) and ages have been combined in this analysis.   

 

 

 

Figure 2.5 Earthworm densities for each species in different treatments. All layers (top and 

bottom samples) and ages have been combined in this analysis. A. longa densities are from 

SMSs with at least one A. longa. 
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Table 2.8 Estimates of earthworm density and biomass for specific species (all observed species and age groups for top, bottom or combined 

top and bottom for different treatment on dairy farms). 

Earthworm measurement Layer Age Untreated Effluent only Irrigation only Effluent & 

Irrigation 

se p-value 

Total density (worms m-2) Top & Bottom Adults & Juveniles 289 410 620 774 42 <0.001 

Total biomass (g fresh wt m-2) Top & Bottom Adults & Juveniles 65.8 103.8 190.6 244.7 12.9 <0.001 

Adult density (worms m-2) Top & Bottom Adults 107 157 183 233 13 <0.001 

Juvenile density (worms m-2) Top & Bottom Juveniles 206 289 428 532 33 <0.001 

A. caliginosa density (worms m-2) Top & Bottom Adults & Juveniles 228 324 445 527 31 <0.001 

% earthworms that were juveniles Top & Bottom  Juveniles 63.5                          65.5                         70.7                         68.9                          3.9 0.034 

% Juvenile biomass  Top & Bottom Juveniles 32.0 39.0 55.8 50.5 9.5 0.019 

% A. caliginisa species Top & Bottom Adults & Juveniles 72.9                         70.4                         73.7                         69.0                         5.0 0.153 

% of L. rubellus of all species Top & Bottom Adult & Juveniles 12.6                         22.9                         28.8                         24.2                          3.4 0.027 

%  Juvenile  A. caliginosa  Top & Bottom Juveniles 77.6                          75.6                         70.0                         68.5                         4.2 0.049 

% Juvenile L. rubellus  Top & Bottom Juveniles  49.5                         43.6                         69.8                         74.5                         3.2 <0.009 

Top total density (worms m-2) Top Adults & Juveniles 262 401 584 735 39 <0.001 

Top total biomass  (g fresh  wt m-2) Top Adults & Juveniles 56.2 100.4 180.0 235.2 11.9 < 0.001 

Top L. rubellus earthworms (worms m-2) Top Adults & Juveniles 81 107 181 227 10 <0.001 

Top L. rubellus Juveniles (worms m-2) Top Juveniles 42 59 137 175 9 <0.001 

Individual A. caliginosa adult weight (g) Top & Bottom Adults 0.36 0.47 0.48 0.47 0.1 0.167 

Individual A. caliginosa juvenile weight (g) Top & Bottom Juveniles 0.13 0.31 0.21 0.23 0.03 0.097 

Individual L. rubellus adult weight (g) Top  Adults 0.44  0.55 0.55  0.63  0.07 0.331 

 

 

 



52 
 

Table 2.8 cont’d 

Earthworm measurement Layer Age Untreated Effluent only Irrigation only Effluent & 

Irrigation 

se p-value 

Individual L. rubellus juvenile weight (g) Top Juvenile 0.12 0.13 0.13 0.11 0.04 0.296 

Bottom total density (worms m-2) Bottom Adults & Juveniles 86 79 59 73 7 0.065 

Bottom total biomass (g m-2) Bottom Adults & Juveniles 22.9 23.7 15.81 20.35 4.2 0.151 

% of SMSs with at least 1 A. longa  Top & Bottom Adults & Juveniles 37.7%                        

(32.7% - 41.2%) 

31.5%                        

(27.4% - 34.5%) 

9.3%                        

(7.8% - 11.6%) 

11.9%                        

(9.5% - 15.0%) 

2.3% <0.001 

A. longa density Top & Bottom Adults & Juveniles 78 64  72 67 12 0.531 

% of all A. longa  Top & Bottom Adults & Juveniles 48.5%                        

(44.7% - 52.0%) 

66.4%                        

(42.5% - 50.1%) 

30.1%                        

(26.1% - 34.4%) 

35.3%                        

(31.3% - 39.0%) 

8.2% 0.598 

% juvenile A. longa  Top & Bottom Juveniles 58.0%                        

(54.3% - 61.6%) 

64.5%                        

(61.0% - 67.8%) 

72.3%                        

(69.2% - 75.2%) 

69.0%                        

(65.6% - 72.0%) 

5.9% 0.069 
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Just like the earthworm density, there was a significant difference between treatments for 

top earthworm biomass p<0.001, but no statistical difference in the bottom biomass 

p=0.147 (Table 2.8; Fig 2.6). 

 

 

Figure 2.6 Top and bottom earthworm density and biomass (All species and ages have 

been combined in this analysis). 

 

 

Earthworm population age structure 

For all earthworm species, juveniles accounted for a major proportion (67% on average) of 

observed individuals.  However, because of their smaller size, they only constituted 32 – 

62% of the collective biomass, depending on treatment (Fig. 2.7).  There were significant 

differences in the proportion of the population that were juveniles between treatments 

(p=0.034 for density; p=0.019 for biomass; Table 2.8).  The largest treatment effects were 

for L. rubellus, but even so the differences between treatments for A. caliginosa were just 

significant (Table 2.8, Fig. 2.7). The treatments with the highest density of L. rubellus also 

had the highest % juvenile, whereas the reverse was true for A. calignosa (compare Fig. 

2.3 with Fig. 2.7).  
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Once the adult and juveniles were separated and weighed for each species, there was no 

evidence that the average fresh weight of each individual worm varied between treatments 

(Table 2.8).  

 

2.3.5 Effect of conversion from sheep/beef to dairy farming 

Density and biomass were both higher in sheep/beef than in dairy farms for a given 

treatment (Table 2.9; Fig. 2.8). These differences were almost entirely driven by increased 

A. calignosa density between the two types of farm – L. rubellus and A. longa remained at 

similar densities and biomass. 

Generally similar irrigation treatment effects were evident on sheep/beef farms to those 

observed in dairy farms (Fig. 2.8). However there were many instances of significant 

interaction effects between treatment and stocking type (Table 2.9) so the effect of 

irrigation is more pronounced in dairy farms than in sheep/beef.  The mean total density 

for all earthworms and ages increased by 82% for dairy compared to 54% in sheep beef 

between unirrigated and irrigated SMSs.  Shift in biomass between treatments was much 

greater (175%) in dairy, compared to 47% in sheep/beef (Table 2.9; Fig. 2.8). The 

proportion of juveniles for all earthworms increased sharply in irrigated dairy unlike in 

sheep/beef (Actually L. rubellus declined) (Table 2.9, Figure 2.10).  
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Figure 2.7 Estimated percent of earthworms that are juveniles for different treatments and species (Top and bottom earthworms are combined in 

this analysis).  
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Figure 2.8 Estimate of earthworm density and biomass for dairy and sheep beef farms (all 

species, ages and layers (top and bottom samples) have been combined in this analysis).  

 

 

 

Figure 2.9 Earthworm density for each species in of Treatment.Stock interaction (all 

species, ages and layers (top and bottom samples) have been combined in this analysis. A. 

longa values are from only SMSs with at least one A. longa).  
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Table 2.9 Earthworm estimates showing the interaction effect of Treatment.Stock and the corresponding effects for the main effects. (In this 

analysis, converted dairy farms are compared with those farms that remained under sheep/beef). 

Earthworm measurement 

  

Layer 

  

  

Age 

  

Estimates for each treatment and tests for interaction between the stock type and irrigation effects 

Dairy, 

Unirrigated 

Sheep/beef, 

Unirrigated 

Dairy, Irrigated 

 

Sheep/beef, 

Irrigated 

se p-value 

 

Total earthworms (worms m-2) Top & Bottom Adults & Juveniles 317 433 578 667 27 0.006 

Total biomass (g fresh weight m-2) Top & Bottom Adults & Juveniles 67.5 122.5 186.0 179.9 12.4 0.057 

Total density, (worms m-2) Top & Bottom Adults 106 156 184 236 18 0.017 

Total density, (worms m-2) Top & Bottom Juveniles 209 263 417 395 42 0.221 

A. longa (worms m-2) Top & Bottom Adults & Juveniles 70 81 56 90 14 0.270 

A. caliginosa (worms m-2) Top & Bottom Adults & Juveniles 238 335 444 474 42 0.290 

Density, L. rubellus (worms m-2) Top & Bottom Adults & Juveniles 82 96 181 149 25 0.188 

% Earthworms that were juveniles Top & Bottom Juveniles 63.7 56.4 69.7 57.6 2.6 0.379 

% Bottom earthworms (worms m-2)  Top & Bottom Adults & Juveniles 14.2 18.5 8.9 12.9 5.5 0.039 

% Biomass for juvenile earthworms Top & Bottom Juveniles 32 37.8 55.8 43.9 4.0 0.007 

% Juvenile A. caliginosa Top & Bottom Juveniles 76.7 71.1 69.4 69.8 2.5 0.291 

% Juvenile L. rubellus  Top Juvenile 51.3 64.4 71.8 55.6 3.9 <0.001 

Total earthworms (worms m-2) Top Adults & Juveniles 270 335 582 517 53 0.089 

Bottom earthworms, (worms m-2) Bottom Adults & Juveniles 86 133 59 168 11 0.008 

Earthworm biomass (g wt m-2) Bottom Adults &Juveniles 23.3 28.2 15.7 40.5 3.1 0.005 

% of SMS with at least 1 A. longa 

present  

Top & Bottom Adults & Juveniles 37.8 43.04 5.7 22.5 4.6 0.142 

% Juvenile A.longa Top & Bottom Juveniles 58.0 45.3 73.2 63.4 3.6 0.341 
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Table 2.10 Earthworm estimates showing differences for the main effects of stock and irrigation. (The analysis compares converted dairy 

farms and those farms that remained under sheep/beef). 

Earthworm measurement 

  

Layer 

  

  

Age 

  

Estimates for stock and tests for its main effects Estimates for irrigation  and tests for its main effects 

Dairy Sheep/beef,  se p-value Irrigation Unirrigated se p-value 

 

Total earthworms (worms m-2) Top & Bottom Adults & Juveniles 461 550 42 0.058 635 375 39 <0.001 

Total biomass (g fresh weight m-2) Top & Bottom Adults & Juveniles 129 150 12 0.168 182 95.2 11.9 <0.001 

Total density, (worms m-2) Top & Bottom Adults 145 181 14 0.029 195 130 13 <0.001 

Total density, (worms m-2) Top & Bottom Juveniles 313 329 31 0.804 406 236 30 <0.001 

A. longa (worms m-2) Top & Bottom Adults & Juveniles 63 86 9 0.021 67 75 10 0.357 

A. caliginosa (worms m-2) Top & Bottom Adults & Juveniles 341 404 31 0.074 459 286 31 <0.001 

Density, L. rubellus (worms m-2) Top & Bottom Adults & Juveniles 131 121 20 0.306 165 89 18 <0.001 

% Earthworms that were juveniles Top & Bottom Juveniles 66.8 59.1 3.2 <0.001 64.4 61.5 4.8 0.034 

% Bottom earthworms (worms m-2)  Top & Bottom Adults & Juveniles 14.7 23.2 2.6 <0.001 7.9 21.6 2.3 <0.001 

Total earthworms (worms m-2) Top Adults & Juveniles 426 429 39 0.690 550 303 39 <0.001 

Bottom earthworms, (worms m-2) Bottom Adults & Juveniles 72 151 12 <0.001 113 109 11 0.402 

Earthworm biomass (g wt m-2) Bottom Adults &Juveniles 19.4 33.3 5.7 0.039 23.6  27.2 2.9 0.963 

% of SMS with at least 1 A. longa 

present  

Top &Bottom Adults & Juveniles 20.7 29.5 4.6 0.078 16.4 38.5 4.8 0.007 
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Figure 2.10 Estimated percent of earthworms that are juveniles for Treatment.Stock interaction (A. longa values are from only SMSs with at 

least one A. longa).  
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Figure 2.11 Conceptual framework of the thesis (management impacts on soil processes, biota and the supply of ecosystem services). 
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Discussion  

2.4.1 Reliability of detecting treatment effects 

Despite the inherent variability in earthworm abundance and biomass, my statistical models 

had good explanatory power and detected many significant differences between treatments 

within farms and between dairy and sheep/beef farms (Tables 2.6 – 2.8). In all cases the 

differences observed between treatments greatly exceeded the bias arising from a different 

proportion of earthworms burrowing deeper in some treatments (compare Table 2.5 and 

Figure 2.2 with Figs. 2.3 – 2.5).  For example, 12.1% is the maximum bias (upper 95% 

confidence interval) for all species density comparisons (Table 2.5). It occurs when 

comparing Untreated with Effluent & Irrigation SMSs.  The observed difference between 

mean density in these treatments was 168% (Fig. 2.4, Table 2.8), far greater than the bias. 

Detection of experimental effects is therefore reliable, even though the difference between 

treated and untreated SMSs has been slightly overestimated for A. calignosa, and slightly 

underestimated for A. longa i.e. there were fewer of the latter in the effluent and irrigated 

treatments, but this is partly because fewer were missed because of burrowing below normal 

sampling depth. 

Caution is needed when comparing earthworm estimates at sheep/beef and dairy SMSs in 

particular. Strictly speaking, my study deploys a quasi-experimental approach rather than a 

formal experimental comparison between treatments. This arises because individual farming 

families have chosen whether to convert to dairy or not, a decision which presumably was 

based on a myriad of non-random considerations (e.g. cost, equity, current production and 

fertility of pastures, stocking rate, soil type, drainage, terrain and farming philosophy). We 

cannot assign farms randomly between treatments simply for the sake of experimental 

control. Nor are the paddocks receiving effluent a random selection or all paddocks in each 

study farm, and unirrigated remnants on converted farms are also not randomly assigned.   

Forced inclusion of nine unirrigated dairy farms from the Waimate group (Tables 2.1 & 2.2; 

Figure 2.1) potentially will have introduced added variation because soil type varied in 

particular.  Although I chose the nearest set of unirrigated dairy farms for comparison with 

irrigated farms in the Waitaki group, I could not fully control for local effects because there 

was no water irrigation at all on the farms near Waimate. A Before-After-Control-Impact 

(BACI) experimental design (Smith et al., 1993; Morrison et al., 2001) is the only way to 
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fully control for these potential disruptions, but unfortunately all the Waitaki group study 

farms had converted several years before my study and no ‘before’ data are available. 

I have attempted to minimise the disruption from the above effects by using a hierarchal and 

nested sampling design within study farms and blocking the variance within the REML and 

GLMM models to account for the lack of independence between nearby SMSs.  Strong and 

consistent differences were detected between treatments within the same farms, so I am 

confident that the shifts between treatments are real and certainly ecologically important.  

 

2.4.2 Earthworm community composition in the Waitaki Basin: comparisons with other 

studies 

Absence of New Zealand native species is consistent with findings of many other studies that 

found them to disappear under agricultural management systems (Fragoso et al., 1997).  The 

species present at the Waitaki are commonly recorded in agricultural lands (Edwards and 

Bohlen, 1996b) although A. longa has only been intermittently reported in the South Island of 

New Zealand (Lee, 1959a). All species were recorded in all treatments, although A. longa 

tended to go locally extinct in pastures with irrigation in particular.  However, in common 

with all other New Zealand and some overseas studies, the overall diversity of earthworms is 

low (Table 2.10). Other earthworm studies have also reported the presence of between two 

and five species at any one location (Lee, 1985; Smetak et al., 2007). One South Island, New 

Zealand study found a single species at 24% of sampling sites, two species at 50% of sites 

and more than four species in only 4% of sites (Springett, 1992). Other New Zealand studies 

recorded between 1-5 species (Fraser et al., 1996; Fraser et al., 2012b). In contrast European 

pastures have reported higher earthworms diversity per paddock ranging from 10-15 species 

(Curry et al., 2008), 17 species (Muldowney et al., 2003), 13 species (Boag et al., 1997a), 9 

species (Neilson et al., 2000) and 7 (Lagerlöf et al., 2002).  Low diversity of agricultural 

earthworms in New Zealand reflects its biogeography – especially a long period of 

geographic isolation of island ecosystems without ecological disturbance of humans and their 

agriculture.  The species now present were deliberately introduced in 1949 – 1965 and have 

been deliberately spread around the country to increase pastoral production (Stockdill and 

Cossens, 1966).  
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Within these broad scale shifts in overall biodiversity at national and bio-regional scales, the 

diversity of earthworms can sometimes be quite restricted in particular crops and land uses 

and at single monitoring sites within them. Only two species were found under no tillage and 

conventional farming in USA (House and Parmelee, 1985), 3 species in pasture soils of 

Australia (Baker et al., 1992) and four species in a lucerne and cereal farming system in 

Australia (Baker et al., 1993). However, diversity is generally much higher in permanent 

pastures in European agricultural landscapes even when individual sampling sites and scales 

are considered (Edwards, 1983; Decaens et al., 2003; Decaëns et al., 2008).  

A. caliginosa was the most dominant and abundant species in this study, as found in other 

New Zealand studies (Schmidt, 2001; Schmidt et al., 2003; Riley et al., 2008; Schon et al., 

2011b; Fraser et al., 2012b). This species usually accounts for 80% or more of observed 

earthworms (Fraser et al., 1994; Fraser et al., 1996; Schon et al., 2008). Its success is 

attributed to it being an endogeic earthworm that feeds on soil organic matter within the soil. 

This earthworm makes horizontal burrows (Lee and Foster, 1991) which provide well-

protected habitat for survival and reproduction in fluctuating soil moisture levels. It can 

exploit a wide range of soil depths (Fig. 2.2) in response to resource limitations and to find 

food. The wide ecological tolerance of this species to disturbance was demonstrated by its 

almost universal occurrence in my SMSs (Table 2.4) and unchanging age structure across all 

treatments (Fig. 2.7).  

The importance to the soil environment of maintaining endogeic, epigeic and anecic 

earthworms was demonstrated by Chan (2001) and is generally accepted by agronomists 

(Edwards, 1983). In this study, there was an abundant and widespread population of one 

epigeic species, L. rubellus and one endogeic species, A. calignosa. However the absence of 

A. longa from many SMSs and low abundance where it did occur raises concern that the 

fertility and maintenance of Waimate District soils may be constrained by lack of anecic 

species.  There was a total absence of Lumbricus terrrestris, a dominating anecic species in 

many overseas agroecosystems. These findings generally contradict an expectation that 

grazing and perennial paddocks promote anecic earthworm species (Boag et al., 1997; 

Lindahl et al., 2009).  

Average earthworm density in untreated dairy and sheep/beef pastures of the Waimate district 

were 317 and 433 respectively (Fig. 2.8). Other records of earthworm density in unirrigated 

New Zealand pastures have been extremely varied: Fraser et al. (1996) recorded 900 
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individuals m
-2

; Schon, Mackay, & Minor (2011) recorded 823 individuals m
-2

; Lee (1985) 

considered 200 – 1000 individuals m
-2

 to be the normal range. This suggests that the Waimate 

earthworm populations are below median densities but not at the extreme low end recorded in 

some New Zealand pastures. Anecic species have been recorded in greater abundance and 

have wider distribution in North Island of New Zealand.  A comparative study to identify 

why they do not succeed so well in South Island and in irrigated pastures in particular, would 

be very valuable. 

I observed a mean density of 751 earthworms m
-2

 in irrigated dairy paddocks and 687 m
-2

 for 

irrigated sheep farms. These are broadly comparable to the 600 earthworms m
-2

 recorded in 

an irrigated sheep farm in New Zealand (Fraser et al., 2012b), 523 observed in irrigated 

pastures in South Australia (Baker et al., 1992), and  904 m
-2

 in the Netherlands (Zorn et al., 

2005).  Therefore the effect of irrigation in the Waimate district has been to lift average 

earthworm density to above the New Zealand median density seen in unirrigated pastures.  

 

2.4.3 Observed changes in earthworms between treatments and farm types 

The study predicted that irrigation and effluent dispersal both have a positive impact on 

earthworms and promote their density, reproduction and biomass (Hypothesis 1).  This 

hypothesis was broadly upheld in this study, largely because of substantive increases in the 

abundance of L. rubellus and A. calignosa where water and effluent were added (Figs. 2.4 

and 2.5).  However, it did not occur across the board: A. longa was eliminated from many 

Irrigated and Irrigated & effluent SMSs. This difference corroborates Rozen (1988)’s general 

assertion that earthworms respond differently to environmental factors according to their 

ecological category (epigeic, endogeic, anecic). Relatively high earthworm densities have 

also been recorded in temperate floodplains (Lavelle and Spain, 2001; Zorn et al., 2005). 

Standen (1984) reported that animal manure additions greatly increase earthworm numbers 

and Mackay and Kladivko (1985) recorded up to 1298 individuals m
-2

 in a pasture paddock 

receiving animal manure in soy crops in USA. Yeates (1976) reported earthworm populations 

of between 525 and 1810 individuals m
-2

 in a New Zealand pasture irrigated with dairy 

effluent while a control pasture had between 300-367 earthwormsm
-2. 

He attributed these 

changes to dispersed effluent. However, his study had no “water only” or “water and 

effluent” treatment and his control area sampling was restricted. 
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This study had also predicted that earthworm abundance and biomass would be higher in 

dairy farms than sheep/beef farms (Hypothesis 2), and greatest of all where land is converted 

to dairy production and irrigation water is supplied (Hypothesis 3, if Hypothesis 1 and 2 are 

true). Actually lower earthworm density was observed on dairy farms when Unirrigated and 

Irrigated treatments are considered separately (Fig. 2.8). Although the direction of the overall 

shift in earthworm density and biomass between Unirrigated and Irrigated soils was the same 

between farm types, the strength and nature of the difference varied.  This is evidenced by the 

significant treatment.stock type interactions in the statistical models (Table 2.9).  Higher 

earthworm density and biomass in irrigated sheep/beef farms arose entirely because A. 

calignosa prospered in sheep/beef farms, there being no change in A. longa or L. rubellus 

abundance or prevalence (Fig. 2.9).  In contrast, increases in earthworms in irrigated dairy 

soils were contributed by both A. calignosa and L. rubellus (Fig. 2.5).  

The effects of adding water and effluent together appear to be directly additive i.e. overall an 

additional 131 earthworms m
-2

 are supported when just effluent is added to dairy paddocks, 

and an additional 144 earthworms m
-2

 are supported by Irrigated & Effluent compared to just 

Irrigated treatments (Fig 2.4). This suggests that there is no synergistic or multiplicative 

effect of having both effluent and water added together. 

Biomass and density shifts between treatments were broadly proportionate i.e. each changed 

by about the same relative amount between treatments. Earthworm body mass (especially 

when fresh weight is measured) might be expected to vary between irrigated and unirrigated 

soil due to the moisture content of the surrounding environment (Kretzschmar and Bruchou, 

1991). Some earthworms in SMSs were inactive and coiled into a ball shape. This reduces 

water loss and metabolic rates and may reflect a strategy to survive harsh conditions 

(Edwards and Bohlen, 1996). In this state, worms are not reproductively active. 

Unfortunately their proportion was not quantified but my impression was that they were more 

common in unirrigated pasture. It would be valuable to quantify this apparent effect in 

follow-up studies. Nevertheless, there was no statistically significant evidence that the 

average fresh weight of juvenile or adult L. rubellus and A. longa varied between treatments 

(p=0. 097 – 0.331; Table 2.8). 

It was remarkable that nearly all earthworm changes in response to irrigation and effluent 

dispersal occurred in the upper 10 cm layer of soil profile and are hardly evident at all deeper 

down (Fig. 2.6). This is the area in soil profile where pasture plant root activity is 
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concentrated and where plants derive their nutrients from. It is also the most vulnerable layer 

for impacts of cattle and sheep trampling, soil compaction and disturbance by tillage. 

 

2.4.4 What caused earthworm changes between treatments and farm types? 

The shift in age structure of L. rubellus populations in response to irrigation (Fig. 2.7) 

demonstrates a particular capacity for this earthworm to reproduce and multiply rapidly in 

response to irrigation. Earthworm juveniles have been shown to extend the duration of their 

juvenile phase when conditions are not suitable (Wever et al., 2001), but in this study there 

were proportionately more juvenile L. rubellus where density was highest. In this case, 

irrigation might have made the conditions suitable for earlier maturation enhancing their 

capacity to reproduce by taking advantage of the available food resources. Epigeic, endogeic 

and anecic species produce 65-106, 8-27 and 3-8 cocoons per year respectively (Paoletti, 

1999). Earthworms either invest in growth or reproduction depending on resource availability 

depending on prevailing environmental conditions (Tiunov and Scheu, 2004). There was no 

evidence that shifts in juvenile:adult ratios between treatments were accompanied by 

individual worm weights.  There were relatively slight changes in age structure of A. 

calignosa between treatments (Fig. 2.7), but this does not necessarily mean that changes in 

reproduction were not implicated in their increased density in effluent and irrigated 

treatments – these treatments may have simultaneously extended the survival of the adults 

and increased their reproduction so that the overall ratio of the two age groups remained 

about the same. 

Tightly controlled experiments and detailed study of earthworm reproduction, survival and 

growth will be needed to pin down why the treatment effects occurred in my study.  

Nevertheless the earthworm literature suggests several hypotheses for the mechanism 

underlying the observed effects. The increased numbers of L.rubellus with irrigation has been 

found elsewhere (Zorn et al., 2008; Fraser et al., 2012a) and may reflect preference for sites 

with high organic matter and moisture (Sims and Gerard, 1985). Irrigation will certainly have 

reduced the likelihood of desiccation. Irrigation may have may have acted as a source of 

earthworms by aiding their migration and spread of either living worms or their cocoons with 

moving waters between and along the paddocks. Water application may have also enhanced 

earthworm movement capabilities, encouraging them to spread in response to water either 
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away from drowning or towards a moist environment. Effluent additions may have given the 

earthworms a balanced nutrition as it contains abundant quantities of the primary nutrients 

(nitrogen, phosphorus and potassium (Longhurst et al., 2000). The effluent is added as slurry, 

i.e. it contains a considerable amount of water. In this respect, the mechanism driving 

Effluent only effects may be similar to those resulting from irrigation.  Nevertheless, vastly 

smaller quantities of water are added in the effluent only SMSs than irrigated ones in the 

MGI scheme.  

Irrigation and effluent dispersal probably increased food availability for the earthworms. On 

the other hand, increased pasture productivity from the addition of these inputs may have 

enhanced a return of organic matter to the soil (Edwards and Lofty, 1982; Whalen and Fox, 

2007). Effluent may lift soil organic matter content (C. Edwards & P. Bohlen, 1996) and 

thereby support higher numbers of earthworms (Mäder et al., 2002; Chaudhuri et al, 2003). 

Effluent dispersal, increase in soil litter layer from increased plant production and irrigation 

may have provided these conditions triggering the observed increase in L. rubellus in 

particular (Zorn et al., 2008, Fraser et al, 2012). More generally, increased abundance with 

irrigation and effluent may be attributed to earthworms’ capacity to respond to increased soil 

carbon availability (Fraser, Williams, & Haynes, 1996), a potential factor that will be 

discussed further in the next chapters of this thesis.  

Stocking rates are much higher on dairy farms than sheep/beef farms (Table 2.2), raising the 

possibility that trampling caused lower earthworm abundance in dairy SMSs. High stocking 

rate and trampling can causes soil compaction and reduction of soil permeability (Drewry and 

Paton, 2000). Stationary cows exert greater pressure (160 kilopascal to 192 kilopascal), 

compared to sheep (83 kilopascal), and these pressures can double when the animals walk 

(Willatt and Pullar, 1984). Actually soils in New Zealand dairy farms have been reported to 

be more compact than sheep beef farms (Drewry et al., 2000). I will discuss this for Waimate 

District farms in the next chapter of this thesis.  

Low overall occurrence of A. longa in irrigated soils is unlikely to reflect food availability 

restrictions as anecic earthworms have been shown to thrive in normal pastures (Boag et al., 

1997a; Lindahl et al., 2009). A particular lack of anecic earthworms in flooded soils has been 

reported in other studies (Beylich and Graefe, 2002; Keplin and Broll, 2010). It may simply 

be that the earthworms drown if the deep burrows are constantly flooded. Unfortunately it 

was not possible to identify these worms or that their comparatively large and permanent 
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burrows cannot remain structurally intact when super saturated. Irrigation raises the water 

table and may restrict the volume of soil that can be burrowed and exploited by the anecic 

species in particular. Concentration of earthworms in the upper layers of the soil in my study 

may reflect an overall raised soil water table in most times of the year and explain why (i) 

experimental effects were only evident near the surface (Fig. 2.6), (ii) both  A calignosa and 

A. longa were found less often under the normal sampling depths where irrigation occurred 

(Fig. 2.2; Table 2.5), (iii) the latter effects were particularly strong for the deeper burrowing 

A. longa species, and finally (iv) why A. longa decreased under irrigation whereas the other 

species increased.  

Anecic species come out of their burrows to feed at night (Edwards and Bohlen, 1996). If 

circumstances force them to come out during the day, e.g. to escape drowning, during an 

irrigation event, UV light may damage or even kill them because of its effects to earthworms 

(Sicken et al., 1999; Plum and Filser, 2005). This risk is exacerbated by concentration of 

intensive irrigation during the summer season when days are longer. While near the surface, 

the earthworms become more vulnerable to predation by birds. I sometimes saw the high bird 

numbers on irrigated and effluent paddocks. Occasionally the birds were crowded tightly in a 

square demarking the limits of their effluent dispersal area. Earthworms are highly mobile 

crawlers (Lavelle and Spain, 2001) and this movement is clearly used by birds to hunt them 

when they are near the surface. Birds have been reported to prey on earthworms when 

escaping flooded soils (Ausden et al., 2001; Plum and Filser, 2005). The study recommends 

further study to ascertain the roles birds play in earthworm community regulations in pasture 

lands in response to irrigation and especially effluent dispersal.  

Differences in farm management practices and stock characteristics may have also 

contributed to changes in earthworm abundance. Dairy farms fertilize soils at a higher rate 

than sheep beef farms, especially by regularly adding urea for nitrogen. Sheep graze pasture 

almost to the ground level leaving less litter and therefore less food for earthworms compared 

to cows. Dairy farms provide many more supplementary feeds for their stock than do 

sheep/beef farmers and this imported food can be seen as “ecological subsidies” that can 

drive biodiversity changes (Moller et al., 2008). Effluent collected at dairy sheds is only 

distributed to a small part of dairy farms, whereas dung and urine from sheep/beef is naturally 

distributed over the whole farm.   
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A myriad of interlinked ecological factors are likely to have driven the experimental effects 

detected in my study.  I have collated some of the potentially important links into an overall 

framework in Figure 2.11 based mainly on the literature expectations (Chapter 1) and the first 

analyses of soil biota (this chapter).  This framework will provide a general model to help 

interpret the remaining results of my thesis, before attempting to test and refine it in my thesis 

synthesis (Chapter 7). 

Continuous irrigation may make soil weak and susceptible to tramping by grazing cows and 

therefore easily compacted (link 16 in Figure 2.11). Burrow penetrability and reduction in 

their length and depth are likely to be affected by overall soil quality and treatment. Irrigation 

may flush nutrients and worm foods into the soil and make the effluent more immediately 

available to the earthworms.  As soil is a complex ecosystem, effluent may be affecting other 

soil organisms, especially bacterial and fungal communities, which in turn may affect 

earthworms (7, Fig. 2.11). Effluent and water additions will almost certainly also have many 

and varied effects on the soil matrix and its chemical properties. Large differences in 

earthworms were found even without considering soil physical characteristics and subsoil 

type.  These have been shown to have significant effects on earthworm communities (Carter 

et al., 1982; Boström, 1986; Hansen and Engelstad, 1999). Even similar soils may have 

different properties that may have significant effects on earthworm growth and development. 

A complex and mutual interdependence between earthworms and soil quality has been 

emphasised by many agronomists (Box 1.2; 10 in Figure 2.11). My next chapter will directly 

test whether effluent and water additions change soil quality in important ways for pastoral 

production and earthworms. It will also test whether any such changes in soil quality are 

particularly pronounced where there are more earthworms.  
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Chapter 3: Effects of irrigation, dairy effluent dispersal and stocking on 

chemical properties of soils in the Waimate District, New Zealand.   

Abstract 

The projected increase in global food demand can only be met by productive and sustainable 

agriculture underpinned by efficient use of water, land and nutrients. However, use of 

external inputs to increase production potentially degrades soil quality. This is particularly 

the case in Waimate District of New Zealand, a drought prone region that was traditionally 

associated extensive sheep and beef cattle farming, but which is now converting to intensive 

dairying supported by irrigation and effluent dispersal. This study investigated how this 

intensification has impacted on soil quality indicators by sampling soil across six treatments: 

(a) dairy pastures with (i) added effluent, (ii) added water through irrigation, (iii) effluent and 

water added together, and (iv) neither water nor effluent added; and (b) sheep/beef pastures 

(v) without irrigation, and (vi) with irrigation. Altogether 615 Soil Monitoring Sites were 

sampled in 205 paddocks and 41 farms in winter and spring 2012. Principal Components 

Analysis of 13 soil quality indicators showed strong differences between treatments that 

collectively explained 67% of the variation in soil metrics. Nutrients levels were highest in 

irrigated and effluent treated soils and lowest in the untreated ‘control’ soils.  Irrigation and 

effluent dispersal reduced soil bulk density and increased clover (Triloforium repens L.)  

cover, especially on sheep/beef pastures. Smart irrigation and nutrient management clearly 

provide potential solutions to maintain sustainability of the farming systems. However, this 

study also found reduced nutrient levels and more compact soils in land converted to dairy 

production, especially in unirrigated pastures. This demonstrates that relying heavily on 

chemical fertilization is not always sufficient to maintain higher nutrient levels and soil 

organic carbon (SOC) when farming is intensified by converting to dairy production. Soil 

organic carbon and nitrogen were higher where abundance of Lumbricus rubellus, an epigeic 

earthworm, was lower. The soil had a greater water holding capacity where the biomass of 

earthworms was higher. However my study failed to find evidence for linear and directly 

proportional relationships between earthworm abundance and many important soil quality 

measures. This calls into question the utility of earthworm abundance as an indicator to guide 

sustainable soil management in New Zealand pastoral farming.  
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3.1 Introduction  

The global demand for food is projected to increase (FAO et al., 2013). Continuous increase 

in food demand can only be met by productive and sustainable agriculture that depends on 

efficient use of water, land and nutrients (Koning et al., 2008). The desire for New Zealand 

agriculture to maintain its production advantages has been accompanied by agricultural 

intensification over the last 150 years (Brooking et al., 2011). However, this intensification 

has accelerated in the past 40 years (MacLeod and Moller, 2006). In the South Canterbury 

region, it has been marked by increased land use changes from sheep/beef farming to 

dairying (Houlbrooke et al., 2011).  This conversion is facilitated by the development of large 

scale irrigation systems, increased pasture production, high rates of fertilizer input and 

increased carrying capacity (Table 1.2, Figure 1.2). In particular, irrigation has transformed 

the land use type from the traditionally low intensity dry-land sheep and beef cattle farming 

to a mixture of intensive dairy support or dairy farming.  

Cows spend on average two hours per day in the milking shed (Cameron and Trenouth, 

1999). Assuming they excrete at a constant rate over a 16 hour period (8 hours accounted for 

sleeping), approximately 12% of their excreta will be deposited at the milking shed. After 

milking, sheds are washed down using approximately 50 litres of water per cow per day 

(Vanderholm, 1984), resulting in effluent
4
 containing 8-10% excreta, 4% teat washing and 

86% wash and other foreign bodies (Gibson, 1995; Longhurst et al., 2000). However, 

increasing stocking rate and inorganic fertilization methods that have recently accompanied 

irrigation can lead to reduced wash water volume per cow and a more concentrated effluent 

(Robin Murphy, personal communication). Moreover, concentrated effluent can be generated 

due to conversion inefficiencies (Ledgard et al., 2003).  

Traditionally, effluent has been treated on a two-pond system combining both anaerobic and 

aerobic processes to remove sediment and biological oxygen demand before being discharged 

to waterways (Sukias et al., 2001). However, high nutrient concentrations remain in pond 

water discharges (Longhurst et al., 2000).  The introduction of the Resource Management Act 

(1991) has encouraged phasing out of the two-pond system and regional councils are 

consenting effluent dispersal over pastures as a way of recycling the nutrients and holding 

more of them in the soils (Cameron and Trenouth, 1999). Unfortunately, existing consent 

                                                           
 
4
 The generated material containing cow excreta and urine diluted with wash down water after milking in the 

cow shed is referred to as farm dairy effluent (presented in this thesis as “effluent”) 
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conditions describe the environmental performance required to prevent ground and stream 

water contamination but they do not provide practical options to achieve compliance.  

The environmental concerns associated with effluent use include (i) contamination of surface 

and ground water, (ii) movement of microbial contaminants, (iii) reduced air quality, and (iv) 

increased metal input to soils (Bolan et al., 2004d; Bhandral et al., 2007; Houlbrooke et al., 

2008). Despite these concerns, land application of effluent, both from the two-pond system or 

directly from storage, is currently the preferred treatment option. It is also providing a 

significant component of the water, nutrients and carbon to the soil on dairy farms. Managing 

both effluent application and irrigation can be challenging because it presents greater risk of 

drainage and effluent flow to waterways if soils become supersaturated.  

Substantial areas within the Morven Glenavy Ikawai Irrigation Scheme (Figure 2.1) have 

recently converted from sheep/beef to irrigated dairying, resulting in the generation of large 

amounts of effluent at the dairy sheds. The dairy farmers disperse the effluent onto the 

paddocks
5
. As effluent contains a large reserve of nutrients (Table 3.1), it is expected that it 

will boost soil biological activity and nutrient levels thereby improving its productivity 

(Degens et al., 2000; Sparling et al., 2000; Sparling et al., 2001; Brussaard et al., 2007; Wall 

et al., 2008). On the other hand, a review of effluent studies in New Zealand report a 

reduction of soil biochemical properties in response to effluent application (Speir, 2002). 

Clearly there is still much uncertainty about the effects of effluent application on soils 

particularly in combination with irrigation water. 

Waimate farmers apply water using one of through three main irrigation methods: (i) border 

dyke (flood), (ii) pivot, and (iii) spray (Photo 2.1). It is commonly believed that applying 

effluent on an irrigated land will improve soil quality from the combined effect of added 

water and effluent, and that pasture growth increases in effluent dispersal zones. As soil 

moisture availability supports soil functioning and plant growth, it will be accompanied by 

increased soil organic matter (plant residue) return to land. Some studies have demonstrated a 

large increase in nutrient levels following irrigation (Rixon, 1966b; Entry et al., 2002). This is 

normally attributed to irrigation controlling soil air and water movements and thus improving 

its structure, porosity and hydraulic characteristics (Borda and Siddall, 2004), but it is not 

known how these physical structures affect nutrient availability. 

                                                           
5
 New Zealand farmers refer to individual farm fields as “paddocks”.  
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Table 3.1 Nutrient constituents in effluent reported in dairy effluent studies in New Zealand (gm
-3

 except for pH). 

Treatment Total solids Total C Total N NH4
+
 NO3

-
 pH  Reference 

Pond sludge  17364 1597 153 9  (Cameron et al., 1996)  

Untreated 7400 2247 246 58 0.5 7.6 (Di et al., 2002) 

13400 3880 363 95 0.5 8.3 (Di et al., 1998) 

  269 48 2  (Longhurst et al., 2000) 

 3056 240 61 0.2 7.8 (Silva et al., 1999) 

 2080 80 36 0.2 6.9 (Hawke and Summers, 

2003) 

2 pond system 185  110 95 15  (Bolan et al., 2004c) 

 

 

Table 3.1 cont’d (gm
-3

 except for pH) 

Treatment Total P S K Ca Mg  Na Reference 

Untreated 55      (Di et al., 2002) 

69  370    (Longhurst et al., 2000) 

31  53 33 15 19 (Hawke and Summers, 

2003) 

2 pond system 24 2 168 23 14 8 (Bolan et al., 2004c) 
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However, when water is applied beyond the infiltration rate, runoff can occur (Trout et al., 

2007; McDowell et al., 2011) and can be aggravated when high fertilizer inputs are applied to 

ensure maximum pasture production. This scenario can significantly increase nutrient 

leaching (Cameron et al., 2002) e.g. by redistributing nutrients from the upper 0-7.5 cm 

which farmers depend on for pasture production into lower soil horizons (Degens et al., 

2000). 

Other studies have demonstrated that irrigation causes a deterioration in soil quality (Yilmaz 

et al., 2003; Urama, 2005) through salinization (Caballero et al., 2001), organic matter loss, 

or increased decomposition and mineralisation (Metherell, 2003). Moreover, increased 

stocking rates accompanying irrigation can promote salinization processes and degrade soil 

physical conditions from animal trampling (Houlbrooke et al., 2008a). It is therefore evident 

that even though irrigation and effluent dispersal can benefit soils, incorrect irrigation or 

effluent application activities and correlated farming changes (like increased stocking rate) 

can lead to net degradation of soils (Ministry for the Environment, 2007). 

The land use changes in the Waimate District have happened rather recently and at a large 

scale, and the land use trends are projected to continue (Figure 1.1 & 1.3). This raises concern 

about the long term ability of the soil resource to effectively provide key biological, chemical 

and physical processes for pasture production and positive interaction with the environment 

(PCE, 2004). It is essential to optimise pasture yield and nutrient use efficiency through 

improved soil management practices under irrigation in particular. Practices that reduce 

losses can help decrease fertilizer requirements while enhancing the system’s sustainability 

and farmer incomes. Fertiliser manufacture is a large component of dairy farming’s energy 

and environmental footprints. This makes soil quality monitoring and management essential 

components of farm sustainability. The challenges are to develop methods for quantifying 

soil quality and to identify monitoring programmes that farmers can not only rely on but are 

also easy to measure, reliable and relevant (Lal, 2001). 

How soils change with conversion to dairy and then over time within irrigated dairy soils 

remains largely untested. The present assumption that these practices enhance the supply of 

nutrients to plants and provide a net benefit to the soil system may be incorrect, or the 

putative benefits may be slight. Alteration of irrigation, effluent dispersal and soil fertilisation 

in irrigated dairy farms may be possible to enhance soil quality and animal production, and to 

reduce environmental risks to waterways. Consequently, there is an urgent need to investigate 
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the impacts of irrigation, effluent dispersal and conversion from sheep/beef to dairy stocking 

on soil quality.  

As earthworms have a capacity to modify the soil environment (Jones et al., 1994) they can 

offer opportunities for effective soil monitoring resulting from land use changes (Swift et al., 

1979; Lee, 1985; Lal, 1988; Mulder et al., 2011). Their introduction into New Zealand 

grasslands increased pasture productivity (Stockdill, 1982) and they are an important 

indicator of soil quality (Shepherd, 2003). Management effects on earthworms in New 

Zealand are also well documented (Haynes et al., 1995; Fraser et al., 1996; Schon et al., 

2008; Schon et al., 2011; Schon et al., 2011b; Fraser et al., 2012b) although they are not 

currently used in indicating soil quality changes resulting from management in any important 

way. 

Since irrigation and effluent soil management practices impact earthworm communities at 

paddock scale level (Chapter 2), they can be used by farmers as indicators of soil changes. 

Moreover, their large size and limited movements makes them easy to capture and sort and 

therefore are attractive as a potential tool for managing agricultural ecosystems, as a simple 

evaluation of numbers or biomass can give useful and sufficient measures. The challenge is 

to to determine how these land use changes have impacted soil chemical properties 

commensurate with earthworm community changes. If effects of land-use change associated 

with soil chemical properties and earthworm measurements are established, soil quality 

indicators can be developed that are easy to measure and farmers can readily manage and 

monitor in assessing and mitigating negative impacts to management. 

With this background, my study investigated the extent of change in soil chemical properties  

in irrigation and effluent dispersal management regimes with special focus on farms that have 

relatively recently converted from sheep/beef to dairying by adding irrigation water and 

effluent. A smaller number of sheep/beef farms interspersed amongst the irrigated dairy 

farms was also sampled (Figure 2.1).  This allowed reference comparisons to infer the likely 

effects of dairy conversion on soil properties. This understanding is important in providing 

baseline information that can provide best options of efficient nutrient use by recycling 

nutrients within the farm. 

The main objective of this study was to determine the effect of irrigation and effluent 

dispersal on soil physical and chemical properties and whether these changes can be 
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predicted from earthworm measurements. Since effluent contains a large reserve of nutrients 

(Table 3.1), it was predicted that irrigation and effluent dispersal will increase soil quality by 

enhancing the soil’s chemical, biological and physical properties (Hypothesis 1). Because of 

the high intensity of New Zealand dairy farming which is normally accompanied by higher 

pasture turnover in dairy farms, in contrast to Sheep/beef (Carey et al 2010, Norton et al. 

2010), it was therefore predicted that dairy farming systems will have significantly higher 

nutrient levels than sheep/beef farms (Hypothesis 2). Lastly, it was predicted that nutrient 

levels and overall soil quality will be higher in soils with higher earthworm numbers 

(Hypothesis 3). 

 

3.2 Methods 

3.2.1 Study area and study farms  

This research was conducted on 41 farms (36 dairy and 5 sheep/beef) from the Waimate 

District of New Zealand. The study area is explained in detail in chapter 2 with a detailed 

map of the study farms provided in (Fig 2.1). I sought farms with both irrigation and effluent 

management regimes. Farms that had untreated land (receiving neither water nor effluent) 

were prioritized. The experimental treatment levels are shown in Table 3.2. 

 

3.2.2 Sampling times 

Soil sampling was carried out in winter from 28
th

 of April to 22 June 2012. Because of the 

difficulty in obtaining sampling farms, the sampling process took longer than expected and 

caused uneven sampling between treatments. It was therefore prudent to carry out a spring 

sampling in September 2012 to balance the data and account for the prolonged (2 months 

‘winter’ sampling). Therefore my analysis incorporated a “season” term in the random model 

to block for seasonal variability. In all sampling, effluent and non-effluent treatments were 

alternated between morning and afternoon sampling just like irrigated and unirrigated 

treatments. However in irrigated and unirrigated farms, these were alternated over the 

sampling days. 
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Table 3.2 Treatment levels and code names as used in this thesis.  

 

Treatment level 

Code name as used in this 

thesis 

a) Treatment levels and code names for analysis in dairy only treatments 

Paddocks receive neither irrigation water nor effluent Untreated 

Paddocks that receive effluent but not irrigation water Effluent only 

Paddocks that receive irrigation water but not effluent Irrigation only 

Paddocks that receive both irrigation water and effluent Effluent and irrigation 

b) Treatment levels & code names for analysis in sheep/beef and irrigated dairy only 

Paddocks in dairy farms not receiving irrigation water Unirrigated dairy 

Paddocks in dairy farms receiving irrigation water Irrigated dairy  

Paddocks in sheep beef farms not receiving irrigation water Unirrigated sheep/beef  

Paddocks in sheep beef farms receiving irrigation water Irrigated sheep/beef  

 

 

 

Table 3.3 Number of farms and paddocks sampled in winter and spring samplings.  

Season Winter Spring 

Irrigation  Irrigated Unirrigated Irrigated Unirrigated 

Number of study farms 18 3 11 12 

Number of paddocks 78 18 55 45 

Number of SMSs 234 54 165 162 

 

 

Table 3.4 Mean area and stocking rates of sampled farms. 

Irrigation condition of farms Irrigated Unirrigated 

Mean farm size (hectares)       261 356 

Cows milked    843 534 

Stocking rate (Cows/ha)  3.3 1.6 
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3.2.3 Soil sampling 

This study design involved the inclusion of at least two paddocks with a different soil 

management treatment within each farm. Depending on the selected farm’s management, a 

minimum of four paddocks (representing two replicate treatments) were sampled with some 

having eight (two replicates of four treatments). In each selected paddock, three ‘Soil 

Monitoring Sites’ (SMSs) were positioned using a table of random numbers for grid co-

ordinates. The SMSs were always more than 30 m away from each other and also from trees, 

fences, gateways and water troughs. Stock normally congregate and trample the soil in these 

areas and their avoidance was intended to minimize variance between samples.  Each SMS 

was 15 x 15 m and soil sampling was carried out within this area. 

Before samples were taken, paper bags were labelled with property and paddock name, SMS 

number and sampling date. These bags were used to store the samples in the fridge while in 

the field, before they were transported to the laboratory, and throughout the analysis process. 

At each sampling point, 10 sample cores were extracted to the depth of 7.5 cm and combined 

to give a bulk sample. Samples that exhibited unrepresentative characteristics e.g. from 

excessive compaction while sampling, evidence of cow pat or rodent activity were discarded. 

In the laboratory, the soil cores were transferred from the polyethylene bags into aluminium 

trays, air dried and ground before being sieved through a 1 mm diameter sieve and then 

bagged for subsequent analysis. Unless specified, the procedures used in soil chemical 

property determinations are as described by Blakemore (1987), Carter & Gregorich (2007), 

Page (1982), Rowell (1994) and Smith &Atkinson (1975).  

 

3.2.4 Laboratory analysis methods 

Bulk density  

Since the intention of the study was to determine nutrient status within the soil root volume, 

bulk density measurement was necessary in calculating nutrient measurements per unit area 

of paddock (Mehlich, 1972). A 7.5 cm diameter by 15cm deep ring was driven into the 

ground for collection of soil bulk density sample, carefully lifting it to prevent any soil loss. 

During sampling, some SMSs sampled were in areas with coarse fragments raising concern 
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that significant bulk density differences may have a confounding effect on soil nutrient levels.  

In situations where part of the gravel was outside of the ring, it was collected to form part of 

the bulk density sample if more than 50% of it was within the ring; otherwise I discarded it. 

Therefore, I calculated my bulk density values accounting for gravel as described by Vincent 

& Chadwick (1994), deriving appropriate equations for my measurements and objectives as 

described below and shown in Appendix 3.4.  

Soil was oven dried at a temperature of 105 ◦C for 24 hours and weighed directly on an 

electronic balance of up to two decimal points, followed by the determination of bulk density 

of each sample before calculating the mass and volume of coarse fragments contained in each 

sample by submerging them under water and measuring the volume of the displaced water. 

Bulk density of the rock fragments was then calculated. The fine earth volume was obtained 

by subtracting the bulk volume of coarse fragments in each sample from sample volume. 

These measurements were used to calculate the percentage gravel by volume by converting 

gravel mass to bulk volume using coarse fragment bulk density. 

Bulk density was then obtained from Eq.1 (Vincent and Chadwick, 1994).  Please refer to 

Appendix 3.3 for detailed formula procedures. 

Bulk density (g cm
-3

) = MT/(Vbk≤2+ ∑𝑉𝑏𝑘𝑣 ≥ 2)    (Eq. 3.1) 

Where:   

MT = Total whole-soil mass (calculated by fine earth/percent total mass from fine earth)  

Vbk≤2 = Bulk volume of fines, obtained by subtracting the bulk volume of coarse fragments 

in each sample from sample volume 

∑𝑉𝑏𝑘𝑣 ≥ 2) = Sum for all sieve sizes ≥ the volume associated with the gravel mass divided 

by measured rock fragment bulk density for each sample.  

 

Soil water content and volumetric water content 

Bulk density values were then used to calculate soil water properties as shown below. 
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𝑆𝑜𝑖𝑙 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (
𝑔

𝑔
) =

Weight of moist soil (g)−weight of oven soil (g)

weight of oven dry soil
   (Eq. 3.2) 

 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (
𝑔

𝑐𝑚3
) = 𝑠𝑜𝑖𝑙𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑥 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (

𝑔

𝑐𝑚3
)         (Eq. 3.3) 

 

Soil organic carbon and total nitrogen 

Total carbon and total nitrogen were measured using a Elementar Vario Carbon Nitrogen 

Sulphur (CNS) elemental analyser manufactured by Elementar Analysensysteme GmbH 

(Germany). This utilises the Dumas dry combustion principle: and samples are combusted in 

a stream of pure oxygen at 1050 °C. Moisture is removed from the combustion gases via a 

thermo-electric cooler and the gases are routed into a ballast to equilibrate. The sample is 

subsampled and passed through a heated copper catalyst which converts the various forms of 

nitrogen to N2 which is then measured by a thermal conductivity detector. At the same time 

the CO2 produced from the sample is measured in an infrared detector cell. For New Zealand 

soils with a pH lower than 7, the free carbonate content is negligible (Miller, 1968) and 

therefore the total carbon content obtained using Dumas combustion without acid pre-

treatment is taken as the total organic carbon content of the soil (Metson et al., 1979). 

A 300 mg subsample of sieved dry soil was placed into ceramic crucibles which were then 

loaded into the auto sampler. The first two positions were occupied by empty crucibles for 

blank determination followed by three others with 250 mg glutamic acid to provide standards 

for the CNS analyser. After every 20 soil samples, another 250 mg glutamic acid crucible 

was inserted. Glutamic acid was used for the factor samples to align it with calibration range 

0-100% for N and C. The CNS gave the results as % total carbon and % total nitrogen, they 

were then corrected for soil moisture, and bulk density values used to recalculate the results 

into m
-2

 using the formula below. 

Bulk density values were also used to calculate soil nutrient amounts.  

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 =
Dry weight (g)

100
                                                                    (Eq.3. 4) 

Where:  

𝑤𝑒𝑖𝑔ℎ𝑡                   the dry weight of soil sub-sample used in nutrient extraction  
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 𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡          the weight of the extracted nutrient  (the nutrients are normally given in 

grams hence the g in front of the eaquation) 

 

As nutrient is usually reported as % concentration in the soil weight, the amount of nutrient in 

the field bulk density surface area and depth was calculated from the formula: 

 

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 (
𝑘𝑔

𝑚2
) = 𝐴 (m2) x Sampling depth(m) x Bulk density x Nutrientlab (

g 

kg (soil)
)      (Eq. 3.5) 

 

Where:  

A is the base area of the sampling corer (m
2
)  

Sampling depth – is the depth of sampled soil in this study (0.075 m) 

NutrientLab – is the laboratory test result expressing the weight of nutrient extracted from a 

known weight of soil sample. 

The total carbon value obtained was divided by the corresponding total nitrogen value for 

each sample to obtain its C/N ratio 

 

Extraction of NO3-N and NH4-N with 2.0 M KCl 

 

4 g of moist soil was weighed into a 50 ml flask and then 40 ml of 2.0 MKCL solution added 

to the soil to keep a 1:10 soil KCL ration. For quality assurance, reagent blanks were inserted 

after every 20 samples. The mixture was then shaken for 30 minutes, filtered through a 

Whatman No. 42 filter paper and then the filtrate analysed for NO3 and NH4 within 24 hours. 

 

 

Phosphate determination (Truog method) 

A 0.250 g sample of sieved dry soil was placed in clean labelled dry 50 ml centrifuges with a 

blank after every 20 samples. To each tube, 50 ml extracting solution (0.001 M sulphuric 

acid, buffered to pH 3.0 with ammonium sulphate) at temperature 20 
◦
C was added. The 

mixture was mixed and filtered quickly as the phosphate amount extracted from soil is 
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proportional to the length of time soil spends in extraction solution. The filtrate was then 

analysed on an FIA (FIAstar
TM

 5000 Analyser). Results were corrected for blank samples and 

soil moisture, and the values calculated as µgPg
-1

 soil and then bulk density values used to 

calculate the values into mg P m
-2

. 

 

Soil pH and electrical conductivity  

Soil pH was determined by the water method where 10 g of soil samples was mixed with 25 

ml of deionized water (to give a ratio of 1:2.5, soil water mixture ratio). A pH pocket meter 

was inserted into the topmost portion of the solution to take reading after stabilizing. The pH 

meter was calibrated against buffer solutions (7, 4 and 10 periodically). After each reading, 

the electrode was thoroughly rinsed with deionized water before carrying out another 

measurement.  

The same soil water mixture was used to measure soil electrical conductivity using an EC 

pocket meter. After each reading, the electrode was thoroughly rinsed with deionized water 

before carrying out another measurement.  

 

CEC, Ca, Mg, K and Na determination 

Soil mixture solutions buffered to pH 7 with ammonium acetate extracts with 25,000 ppm 

cesium chloride were shaken and filtered and then the filtrate was analyzed for base cations 

(K, Ca, Mg, and Na) using inductive coupled plasma optical emission spectrometry (ICP-

OES; Spectro Analytical Instruments GmbH, Germany). The method has detection limits of 

approximately 1 ppm or 0.01 meq/100g for each cation. 
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3.2.5 Method Detection Limits (MDL), Relative Standard Deviations (RSD) and 

Accuracy 

(i) % carbon and % nitrogen 

For the % carbon and % nitrogen, the MDL was calculated based on 300mg of soil.  All the 

blank measurements were divided by 3 (the blanks were given a nominal value of 100mg) 

and the standard deviation (S) was calculated.  The MDL was calculated using: 

MDL = S X 2.65     

Where 2.65 is taken from the Students t variate table at 98% confidence limit (Degree of 

freedom, which is the number of analyses minus one) and S is the standard deviation.  The 

typical soil result given here is an average of 10 repeats of the same sample to demonstrate 

the precision of the method – it is from this that the Relative Standard Deviation is calculated 

using: 

% RSD = (Sx100)/m 

Where S is the standard deviation and m is the mean. 

The QC (i.e. a sample with known value) for this method was Glutamic Acid Standard.  A 

series of these measurements from the sample run were used to calculate the %RSD for the 

QC (using the same equation as above).  The accuracy of the method was calculated using the 

known Glutamic Acid standard and is measured and expressed as percentage of recovery 

(%R): 

Accuracy %R = (analytical value x 100)/ (true value). 

Where the analytical value is the average of a series of QCs and the true value is the expected 

value of the QC. 

(ii) Ammonium and nitrogen nitrates  

The NH4-N and NO3-N, MDLs were calculated in the same way as for %C and %N, using 

the blanks to determine the standard deviation and the same MDL formula as above.  These 

values are specific to the range of soils that were being analysed (from 1-300ppm in soil).  If 

the range of values had been smaller, the MDL would be lower. The %RSD and the accuracy 
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for this method were calculated as above using the 0.4mg/L Standard, which was used as a 

calibration check during the sample runs. 

(iii) Truog Phosphate 

The MDL for this method was calculated in the same manner as the NH4-N and NO3-N (for 

the range of 3-320ppm), but the RSD and accuracy were determined using the Tussock soil 

QC.  Values for this QC in the sample run were used to calculate these as parameters using 

the same equations as above. 

(iv) Ammonium Acetate Cations 

The MDL for each of the major cations were calculated using the MDL formula specified 

earlier.  The percentage RSD was calculated as for the Truog P, using the Tussock Soil QC.  

The accuracy for this method was calculated using the Standard 2 used in the sample run (i.e. 

the variation from the expected value of Standard 2).  
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Table 3.5 Method Detection Limit (MDL), Relative Standard Deviation (RSD – a measure of precision) and Accuracy for the analysis methods 

used in this thesis.  

Extraction Method MDL in soil Typical sample soil analysed 10 times QC sample 

RSD Accuracy 

Total C and N 

extraction 
TN (300 mg soil) 0.00% 0.61 + 0.01% 0.3 % 100.1 % 

TOC (300 mg 

soil) 

0.02% 6.92 + 0.15% 0.1 % 99.9 % 

Extraction of NO3-

N and NH4-N with 

2.0 M KCl 

NH4_N 2M KCl 

in soil 

0.7 ppm For range 0.1-30mg/L in the extract (100 µl loop)  

or 1-300ppm in soil 

1.0 % 97.0 % 

NO3-N 2M KCl 

in soil 

1.1 ppm For  range 0.1-30mg/L in the extract (20 µl loop) 1.5 % 94.3 % 

Extraction of 

phosphates 

Truog 

Phosphate in 

soil 

3 ppm For range in soil 3-320 ppm (100ul loop) 10%RSD 97.2% 

1M Ammonium 

Acetate extraction 

in soils 

Na 0.01 me/100g For range in soil 0.01-2 me/100g 5%RSD 101.3% 

Mg 0.001 me/100g For range in soil 0-6 me/100g 3%RSD 100.5% 

K 0.01 me/100g For range in soil 0-2 me/100g 4%RSD 102.1% 

Ca 0.03 me/100g For range in soil 0-30 me/100g 3%RSD 100.4% 
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3.2.6 Statistical Analysis 

Principal Components Analysis (PCA) was used to reduce and condense the large number 

of individual soil measurements into a smaller number of factors with minimum loss of 

information (Hair, 2009). Altogether I was modelling 13 soil quality indicators. After 

initial analysis using PCA, it was decided to use generalised linear models for subsequent 

analysis. The GLM incorporated (i)Treatment (‘Untreated/Effluent only/Irrigation 

only/Effluent and irrigation’), for dairy only and an interaction effect for sheep/beef and 

dairy comparisons thus (i) Treatment (‘Unirrigated/Irrigated’), (ii) Stock 

(Dairy/Sheep/beef’), (iii) a Treatment.Stock interaction. To determine whether earthworm 

measurements can predict nutrient levels, earthworm measurements (A. caliginosa/L. 

rubellus/earthworm density/earthworm biomass) were later incorporated into the model 

and also the plate metre pasture biomass dry matter and days since the paddock was 

grazed. 

 

To account for the hierarchical structure of the experimental design and lack of 

independence and the hierarchical nature of sampling, random effects were always nested 

as Property/Paddock/SMS within the REML models (See Chapter 2 for a fuller description 

of the statistical rationale deployed). Nutrient means were predicted from a linear mixed 

effects model with both fixed and random variables and an error term. This model 

considered more than one independent variable terms while restricting the dependent 

variable to one.  

 

 

The linear mixed effect model used to determine these associations takes this form: 

𝑌𝑖𝑗 = 𝜇 + 𝛽1𝑥1𝑖𝑗 + 𝛽2x2𝑖𝑗 + ⋯ + 𝛽𝑛𝑗𝑥𝑛𝑖𝑗 + 𝑏𝑖1𝑧1𝑖𝑗 + 𝑏𝑖2𝑧2𝑖𝑗 … 𝑏𝑖𝑛𝑧𝑛𝑖𝑗+ ∈ 𝑖𝑗     (Eq. 3.6) 

Where:  

 𝑌𝑖𝑗                the value of the outcome estimated from the fixed terms in the model 

  𝜇                  an overall constant term 

 𝛽1. . 𝛽𝑛         the fixed effect parameter values (like regression coefficients)  

 𝑥1𝑖𝑗 …𝑥𝑛𝑖𝑗  the fixed effect variables (predictors) 

 𝑏𝑖1 − 𝑏𝑖𝑛     the random effect parameters (like regression coefficients) which  

                    were assumed to be multivariate normally distributed 
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 𝑧2𝑖𝑗 − 𝑧𝑛𝑖𝑗   random effect variables (predictors) 

 ∈ 𝑖𝑗               the error term (was assumed to be multivariate normally distributed)  

 

Preliminary models were constructed and residuals inspected to check for 

heteroscedasticity and to ensure that the residuals were distributed evenly around the 

predicted means. The significance of predictor variables were assessed by Wald’s tests and 

each model’s predicted Maximum Likelihood Means were displayed in all tables.  

For robust analysis, response variables were square root and log transformed (natural 

logarithm and logarithm base 10). Where transformed data produced the best residuals, 

predicted transformed data and confidence intervals were then back transformed for 

reporting but the p-values reflect the tests done on the transformed data.   

When the response variables were proportions based counts, I used an underlying binomial 

probability function within Genstat’s Generalised Linear Mixed Models (GLMM) 

routines. For example, variation in the % clover within the SMS enclosure was estimated 

using a GLMM in which the % recorded was scaled against the 100%. This choice of 

model allowed the same blocking structure as incorporated in the REMLs and thereby to 

account for the lack of independence of adjacent samples.  For variables, that were not 

discrete and were not normally distributed like soil aggregation, and porosity I used 

arcsine transformation of the proportions (Sokal and Rohlf, 1981) to normalise variances 

within REML models incorporating the usual blocking structure to account for lack of 

independence of nearby SMSs. Predicted arcsine means and confidence intervals were 

back-transformed in all tables, but the p values reflect the tests done on the arcsine 

transformed data. 

 

3.3 Results 

3.3.1 Did irrigation and effluent dispersal change soil quality (Hypothesis 1)?  

Changes in soil chemical properties 

Because the study intended to test changes with land treatment, a multivariate analysis was 

used to summarise major trends in variation and therefore a principal components analysis 
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was carried out. Four PCs summarising a total of 68.5% of total soil variation trends were 

obtained from soil nutrient levels calculated an area basis (Table 3.5). PC1 explained 

28.5% of the variance. It distinguished sites with relatively high SOC, total N, CEC, Ca, P, 

electrical conductivity, Mg and low, bulk density and C/N ratio from their counterparts 

(Table 3.5). The next dimension of variation (PC2) explained 19.4% variance by 

separating sites with relatively high Na, bulk density, calcium, CEC, Mg and pH and low 

C/N ratio, electrical conductivity, K, SOC and total N from their counterparts (Table 3.5). 

The PCs show much the same associations when gravimetric measures were used 

(Appendix 3.2).  PC3 explained 11.0% of variation by contrasting sites with relatively high 

in volumetric water content, C/N ratio and pH and low K. Finally, PC4 though accounting 

for only 9.5% of the variance by contrasting sites with relatively high Na and Mg values 

and low pH and P compared to their counterparts (Table 3.5). 

The highly significant treatment effect (p<0.001) for PC1 and PC2 (p=0.051) in GLMs 

accounted for 48% of total variance (Table 3.5, Figure 3.1). This indicates that there are 

very strong effects on soil quality following irrigation and effluent application. This was 

confirmed as the soil nutrient levels show the same increasing trend going  from one 

treatment level to the next (Table 3.6). Lowest nutrient levels were observed in the control 

(untreated), then effluent only treatment and then irrigation only and finally the highest 

levels were observed in effluent and irrigated treatment. However, the same trend is not 

observed for sodium with highest value recorded in the effluent only treatment.  

Total N levels varied between treatments, ranging from a low of 0.26 kg N m
-2

 for the 

untreated (control) to 0.38 kg N m
-2 

in effluent and irrigated land treatments. The 

percentage differences between untreated and effluent, irrigated and effluent+irrigated land 

treatments were 18.6%, 28.5% and 43.7% respectively (Table 3.6). Potassium also 

exhibited similar changes: untreated land had the lowest levels (16.35 cmolc K m
-2

) and 

irrigation and effluent the highest (23.95 cmolc K m
-2

;  p<0.001; Table 3.6). However, 

there were only moderately significant differences for SOC, phosphorus, and calcium 

(Table 3.6). Sodium showed opposite changes: effluent application increased sodium 

levels by 26.0%, whereas irrigation reduced it by 16.0%. Adding water to land already 

receiving effluent reduced sodium levels from the reference ‘untreated’ levels by 8.5%  

(p=0.001; Table 3.6, Figure 3.3).  
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In summary, large changes in soil properties were found in response to irrigation and 

effluent dispersal (Table 3.6, Figures 3.1, 3.2 and 3.4) and therefore Hypothesis 1 was 

unequivocally accepted.  

 

 Table 3.6 Eigen vectors from PCA of soil chemical properties for dairy land treatments 

(nutrient loadings are expressed in g m
-2

). 

Soil property PC1 PC2 PC3 PC4 

Bulk density  -0.0975 0.3703 0.0378 0.2061 

CEC 0.3915 0.3520 0.0026 -0.1007 

C/N ratio -0.1918 0.2551 0.3785 0.1940 

Calcium 0.3586 0.3134 0.1080 -0.2506 

Electric Conductivity 0.3145 -0.1958 -0.2009 -0.0131 

Potassium 0.2147 -0.0236 -0.3713 0.0207 

Magnesium 0.3064 0.3008 -0.2479 0.3280 

Sodium 0.1171 0.3828 -0.0687 0.4686 

Soil organic carbon 0.3691 -0.2714 0.2680 0.2382 

Total nitrogen 0.3910 -0.3178 0.1186 0.1677 

Phosphorus 0.3354 -0.0651 0.0730 -0.3364 

Volumetric water content 0.1079 -0.1315 0.6324 0.2682 

pH 0.0775 0.3219 0.3288 -0.4991 

     

Eigenvalue 3.71 2.52 1.43 1.24 

%Variance 28.5 19.4 11.0 9.5 

Cumulative Variance 28.5 48.0 58.9 68.5 

 

 

Changes in soil physical properties and pasture surface properties  

Bulk density was important in determining the best nutrient reporting method and the 

values observed in treated land differed from the untreated one. The bulk density levels 

were 1.09 g cm
-3

 for the untreated sites, 0.94 g cm
-3

 for effluent only, 0.86 g cm
-3

 for 

irrigation only and 0.81 g cm
-3

 for effluent and irrigation land treatment. These changes 

represented a decrease of 13.8% in effluent only, 21.1% in irrigation only and 25.7% in 

effluent and irrigation land treatments in reference for the untreated land in that order 

(Table 3.6, Fig. 3.2). These significant (p<0.001) bulk density change led me to adjust the 

soil nutrient values derived from extraction of weighed soil samples to a “field” volume 
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basis. This was important as it provided the opportunity to account for air and stones 

within the upper parts of the soil profile which are likely to greatly affect pasture growth. 

 During sampling, I scored for soil aggregation, percentage clover, mottles and gleying, 

porosity, and the amount of other vegetation (apart from rye grass and clover) normally 

found in pasture. Thatch presence within the 15 x 15 m
2
 SMS area differed with land 

treatment from the reference ‘untreated’ land where thatch was present in 11.0% of the 

SMSs (Table 3.6). It was evident that adding effluent to land reduced thatch occurrence by 

27.0%; adding irrigation water led to a further reduction of 54.2%; while adding water and 

effluent together reduced thatch occurrence by 81.2%. These differences are highly 

statistically significant (p<0.001; Table 3.6, Figure 3.3). 

 

Comparison of volumetric and gravimetric soil test result presentation methods  

The use of bulk density to convert gravimetric nutrient measurements to volumetric 

measurements gave an opportunity to compare relationships in the two soil nutrient 

measurement methods. When a multivariate analysis was performed on the gravimetric 

and volumetric soil measurements, the resulting Principal Components Analysis was 

similar (Table 3.5, Appendix 3.2).  

On further analysis between volumetric and gravimetric measurements, there were no 

significant nutrient differences on any soil property (Table 3.6, Appendix 3.3). However, 

treatment effects resulted in were stronger for CEC (p=0.003) when calculated by 

gravimetric methods, while it was only moderately significant (p=0.054) when using the 

volumetric method. In contrast, the moderately significant treatment effect for soil organic 

carbon (p=0.026) observed when using the volumetric method were no longer formally 

significant (p=0.067) when the gravimetric method was used (Table 3.6, Appendix 3.3). 

 



 
 

91 
 

 

Figure 3.1 Principal components Analysis means for chemical properties in dairy farms. (Results for this analysis show differences between 

dairy only treatments. The error bars here and all subsequent graphs show ± 2 x SEs (an approximation to 95% confidence intervals).   
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Table 3.7 Soil physical, chemical and biological property estimates (calculated per area (volumetric) basis) showing treatment differences.  

 PC/Soil property Transformation 

used 

Treatment     

  Untreated Effluent Only Irrigation only Effluent & 

Irrigation 

se p-value 

PC1  Untransformed -1.28 -0.4 0.09 0.77 0.28 <0.001 

PC2 Untransformed 0.52 0.37 -0.21 -0.34 0.21 0.051 

PC3 Untransformed 0.06 0.2 -0.11 -0.27 0.18 0.229 

PC4  Untransformed 0.44 0.3 -0.35 0.03 0.17 0.003 

Bulk Density (g cm
-3

) Untransformed 1.09 0.94 0.86 0.81 0.02 <0.001 

SOC (kg C m
-2

) Natural log 3.29 3.56 3.84 4.15 0.12 0.026 

Total N (kg N m
-2

) Natural log 0.26 0.3 0.35 0.39 0.01 0.002 

Phosphorus (mg P m
-2

) Square root 4256.26 4824.69 5119.4 5568.14 153.43 0.026 

CEC (cmolc m
-2

) Square root 441.42 490.62 513.04 528 16.21 0.054 

Ca (cmolc m
-2

) Untransformed 358.3 390.3 443.6 436.1 12.1 0.037 

Mg (cmolc m
-2

) Log base 10 56.49 59.84 57.02 64.12 6.43 0.146 

K (cmol K m
-2

) Natural log 16.35 18.69 21.64 23.95 1.32 <0.001 

Na (cmolc Na m
-2

) Natural log 7.53 9.49 6.01 7.02 0.52 0.001 

Soil pH  Untransformed 5.8 5.88 5.71 5.73 0.08 0.34 

Water content (g cm
-3

) Untransformed 0.17 0.22 0.27 0.34 0.02 0.013 

Elect. Conductivity (µS/cm) Untransformed 332.6 381.2 460 538.8 27.67 <0.001 

%clover Arcsine  3.57 3.87 4.33 5.13 0.63 0.204 
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Table 3.7 Continued  

Aggregation Untransformed 2.61 2.72 2.98 3.13 0.18 0.758 

Mottles and gleying Untransformed 3.51 3.67 3.75 3.83 0.06 0.063 

Porosity Untransformed 3.62 3.59 3.66 3.73 0.50 0.499 

%SMSs with thatch Arcsine 11.04 8.32 5.22 2.14 1.21 <0.001 

%Other vegetation (not rye 

grass/clover)  

Arcsine 4.21 5.34 2.89 2.23 0.48 0.039 

* Aggregation mottles and gleying and porosity are graded in a scale of 4, 4 being the best with 1 the lowest quality. 
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Figure 3.2 Soil water content, total N and bulk density means for dairy farms. (Soil water 

and bulk density measured in g cm
-3

, N in kg N m
-2

) 

 

 

 

Figure 3.3. SOC, %other vegetation, %SMSs with thatch, Na, and K means for dairy farms 

SOC is measured in kg C m
-2

, other vegetation and thatch in percentage preference while 

Na and K in cmol m
-2

. 
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3.3.2 Did conversion to dairy cause changes in soil quality (Hypothesis 2)? 

Changes in soil chemical properties 

The rate of dairy expansion in Waimate District (Table 1.2, Figure 1.1 & 1.2) has been 

driven by irrigation and conversion to dairying from sheep/beef. Therefore, I sampled five 

irrigated sheep/beef farms to compare soil changes associated with these conversions. 

Because of the need to summarise major trends in soil variation, a multivariate analysis 

was necessary and therefore a Principal Components Analysis was carried out. Four PCs, 

summarising a total of 67.1% of total soil variation, were obtained from soil nutrient levels 

calculated in an area basis (Table 3.7). PC1 explained 28.5% variation by contrasting sites 

with relatively high CEC, Ca, Mg, SOC, total N and P and low values C/N ratio from their 

counterparts (Table 3.7, Figure 3.4). The next dimension of variation (PC2) explained 

18.5% variance by contrasting sites with relatively high bulk density, Na, and soil pH and 

low total N, SOC, electrical conductivity, water content and P (Table 3.7, Figure 3.4). 

The significant treatment and stock interaction effect (p=0.049) for PC1 and for PC2 

(p=0.053) show evidence of contrasting trends for these PCs that collectively accounted 

for 48.5% of total variance in soil quality metrics (Table 3.8, Figure 3.4). The PCA 

certainly underscored the emergence of soil chemistry differences following irrigation and 

conversion to dairying from sheep/beef. This arose mainly from unirrigated sites having 

lower nutrient levels than irrigated soils (Table 3.8 and Table 3.9).  There was little 

evidence of higher levels of nutrients in sheep/beef grazed land than that grazed by dairy 

and higher nutrient values under irrigated land than dry land (Table 3.9).  

Moderately significant differences for SOC, total N and Na were observed for the main 

effect of stock, with land grazed by sheep/beef irrigation treatment showing strong 

differences for calcium and electrical conductivity, and moderate differences in 

phosphorus (Table 3.9). The interaction between stock (land grazed by different animals) 

and treatment (whether irrigated or not) showed significant irrigation and conversion 

effects for K, P and electrical conductivity, with moderate effects for total N and Na. The 

general trend was increased nutrient levels in dairy following irrigation, although sodium 

reduced in irrigated dairy (Table 3.8; Figures 3.5 3.6 & 3.7). This marked rise in nutrient 

levels following irrigation on land grazed by dairy cows was not observed on land that 

continued under sheep/beef grazing (Table 3.8; Figures 3.5, 3.6 & 3.7).  
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Water additions to dairy land resulted in 27% less sodium compared to unirrigated land, 

while that grazed by sheep/beef had 15% more sodium than the unirrigated land (Table 

3.8, Figure 3.7). However, K exhibited a characteristic interaction effect with a 25% higher 

K level in unirrigated sheep/beef land. This contrasted with the 58.3% K increase in dairy 

grazed land when water was added (Table 3.8, Figure 3.7). An interesting observation was 

with phosphorus and electrical conductivity.  Here, irrigated dairy had significantly higher 

(62.9%; p=0.008 and 46.6%; p=0.006 respectively) levels in irrigated land grazed by dairy 

cows while they were almost the same level (-5.2% and -3.0%) for irrigated and 

unirrigated land grazed by sheep/beef (Table 3.8, Figure 3.6). Potassium increased in 

irrigated dairy by 58.4% while it reduced for sheep beef by -25.0%. The interaction terms 

for the two soil properties was equally significant (p=0.008 and p=0.006 respectively; 

Table 3.8, Figure 3.6).  

The stock and irrigation interaction effect on total N was evident (p=0.035) with the 

interaction resulting in a significant increase in total nitrogen (34.6%) on irrigated land 

grazed by cows, but little change (-5%) on land grazed by sheep and beef cattle.  
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Table 3.8 Principal Component Analysis (PCA) Eigen vectors for dairy and sheep/beef 

(nutrient loadings are expressed in m
-2

). 

Soil property PC1 PC2 PC3 PC4 

Bulk density 0.1212 0.3965 -0.3305 0.0189 

CEC 0.4261 0.2804 0.0797 -0.0975 

C/N ratio -0.1989 0.2572 0.2653 0.3558 

Calcium 0.3977 0.2540 0.1782 -0.1660 

Electrical conductivity 0.2783 -0.2334 0.0344 -0.1615 

Potassium 0.2027 0.0461 -0.4706 -0.2182 

Magnesium 0.3348 0.2287 -0.1424 0.2422 

Sodium 0.1285 0.3306 0.0018 0.5718 

Total nitrogen 0.3530 -0.3550 -0.0961 0.2319 

Phosphorus 0.3220 -0.1434 0.1897 -0.2710 

Soil organic carbon 0.3353 -0.3448 -0.0017 0.3604 

Soil pH 0.0955 0.3042 0.5278 -0.2681 

Volumetric water content  0.0954 -0.2394 0.4644 0.2183 

     

Eigenvalue 3.77 2.41 1.40 1.15 

%Variance 29.0 18.5 10.7 8.8 

Cumulative Variance 29.0 47.5 58.3 67.1 
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Figure 3.4 Principal Component means for dairy compared with sheep/beef farms.   
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Table 3.9 Soil physical, chemical and biological property estimates predicted by REML models for dairy and sheep/beef farms (irrigated and 

unirrigated soils on land grazed by dairy cows or sheep and beef cattle (Nutrients have been expressed as per m
2
 of paddock).  

PC/Soil property 

 

Transformation 

used 

Treatment Predictor p-values 

Unirrigated 

Dairy 

Irrigated 

Dairy 

Unirrigated 

Sheep/beef 

Irrigated 

Sheep/beef 

se Irrigation  Stock Irrigation.stock 

interaction 

PC1 Untransformed -0.99 0.42 0.42 0.17 0.27 0.79 0.691 0.049 

PC2 Untransformed 0.32 -0.34 -0.58 0.34 0.21 0.851 0.622 0.053 

PC3 Untransformed -0.68 -0.7 1.22 0.45 0.28 0.473 0.006 0.006 

PC4 Untransformed -0.47 0.28 -0.1 -0.73 0.23 0.132 0.089 <0.001 

Bulk Density (g cm
-3

) Untransformed 1.07 0.86 0.96 0.88 0.02     0.042 

SOC (kg C m
-2

)  Natural log 3.24 3.83 4.16 4.48 0.33 0.631 0.044 0.109 

Total N (kg N m
-2

) Square root 0.26 0.35 0.41 0.39 0.02 0.144 0.052 0.035 

CEC (cmolc  m
-2

)  Log base 10 460.82 511.83 482.03 512.35 17.23 0.089 0.799 0.697 

Ca (cmolc m
-2

)  Untransformed 364.50 452.00 394.70 420.93 15.97 0.002 0.982 0.272 

Mg (cmolc m
-2

)  Natural log 56.43 59.80 46.20 53.73 5.66 0.246 0.781 0.654 

K  (cmolc m
-2

)  Natural log 15.07 20.70 24.12 18.10 3.13 0.077 0.636 0.001 

Na (cmolc m
-2

) Untransformed 7.91 6.12 8.80 10.09 0.97 0.109 0.032 0.021 

Phosphorus (mg P m
-2

) Untransformed 3216.34 5239.60 3681.22 3487.71 243.65 0.016 0.108 0.008 

Soil water (g cm
-3

) Natural log 0.18 0.23 0.24 0.26 0.02 0.015 0.278 0.021 

Soil pH Untransformed 5.77 5.69 5.54 5.77 0.14 0.774 0.915 0.067 

Elect. Cond. (µS/cm)  Untransformed 300.49 440.60 355.61 344.82 30.00 0.004 0.276 0.006 

% Clover Arcsine 3.52 4.39 2.04 6.46 0.62 0.005 0.742 0.017 

Aggregation* Untransformed 2.61 3.04 3.27 3.19 0.11 0.473 0.217 0.647 

Mottles & greying* Untransformed 3.51 3.76 3.63 3.69 0.14 0.734 0.673 0.545 

Porosity* Untransformed 3.61 3.64 3.62 3.59 0.15 0.962 0.651 0.981 

% SMSs with thatch Arcsine 11.12 4.48 8.87 4.33 0.86 0.003 0.764 0.029 

% other vegetation-not 

clover/rye grass 

Arcsine 4.23 2.87 7.89 4.96 1.80  0.098  0.032 0.150 

* Aggregation mottles and greying and porosity are graded in a scale of 1 to 4, 4 being the best with 1 the lowest quality. 
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Table 3.10 Soil physical, chemical and biological property estimates from the main effects of irrigation and stock and their main effects. (In 

this analysis, dairy farms are compared with Sheep/beef farms and nutrients loadings have been expressed as per m
2
 of paddock). 

PC/Soil property 

 Soil property 

Estimates from the main effect of Irrigation   Estimates from the main effects of Stock 

Unirrigated  Irrigated se p-value Dairy Sheep/beef se p-value 

PC1 -0.29 0.3 0.3 0.079 -0.28 0.31 0.27 0.691 

PC2 -0.13 0.001 0.28 0.851 -0.01 -0.12 0.35 0.622 

PC3 0.27 0.19 0.24 0.473 -0.38 0.84 0.31 0.006 

PC4 -2.8 -0.22 0.17 0.132 -0.09 -0.41 0.11 0.089 

SOC (kg C m
-2

)  3.83 4.01 21 0.631 3.61 4.33 0.23 0.044 

Total N (kg N m
-2

) 0.34 0.37 0.02 0.144 0.32 0.40 0.02 0.052 

CEC (cmol kg
-1

 soil)  471.07 512.35 22.00 0.089 485.41 497.20 17.59 0.799 

Ca (cmol kg
-1

 soil)  379.62 431.14 20.98 0.002 402.90 407.80 35.53 0.982 

Mg (cmol kg
-1

 soil)  51.21 55.65 4.29 0.246 57.05 49.95 6.62 0.781 

K  (cmol kg
-1

 soil)  17.76 19.36 1.93 0.77 16.44 20.91 2.37 0.636 

Na (cmol kg 
-1

 soil) 8.86 8.28 0.72 0.109 7.69 9.45 0.79 0.032 

Phosphorus 3439.22 4276.97 457.87 0.016 4105.16 3583.16 361.53 0.108 

Bulk Density (g cm
-3

) 1.03 0.89 0.04 0.026 0.97 0.92 0.03 0.038 

Soil water (g cm
-3

) 0.21 0.26 0.02 0.015 0.22 0.24 0.03 0.278 

Soil pH 5.66 5.73 0.08 0.774 5.73 5.65 0.11 0.915 

Elect. Cond. (µS/cm) 328.70 384.40 24.50 0.004 370.50 344.70 29.94 0.276 

% Clover 2.78 5.13 0.74 0.005 3.99 4.45 0.9 0.742 

Aggregation* 2.99 3.12 0.10 0.473 2.84 3.13 0.51 0.217 

Mottles & greying* 3.57 3.73 0.52 0.734 3.59 3.66 0.13 0.673 

Porosity* 3.64 3.75 0.17 0.962 3.63 3.61 0.11 0.651 

% SMSs with thatch 9.99 4.41 0.l3 0.003 7.84 6.60 1.14 0.764 

% other vegetation-not 

clover/rye grass 

6.06 3.92 1.67 0.086 3.55 6.48 1.3 0.054 

* Aggregation mottles and greying and porosity are graded in a scale of 1 to 4, 4 being the best with 1 the lowest quality. 
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Changes in soil physical properties and soil surface properties 

Counter to the expectation that trampling by animals will lead to soil being more 

compacted in wetter soils; bulk density levels were lower in irrigated land for both stock 

types. Furthermore, the level of decrease was more in dairy compared to sheep/beef 

(19.6% against 8.3%) with irrigation (Table 3.8, Figure 3.5) even though trampling is 

expected to be greater in dairy herds than by sheep. Nevertheless, on average, higher bulk 

density levels were observed on dairy farms, so some trampling effects may be operating.  

Clover prevalence tripled on irrigated compared to unirrigated paddocks grazed by sheep 

and beef cattle (Table 3.8, Figure 3.7).  A similar but much smaller increase (24.72%) was 

observed between irrigated and unirrigated paddocks on dairy farms. However, it should 

be noted that clover prevalence on unirrigated soils increased on dairy farms compared to 

sheep/beef farms, perhaps as a result of conversion. 

The amount of water in soil varied in the opposing direction of changes in bulk density. 

Irrigation increased the amount of water stored in soil and the effect of irrigation was 

significantly higher (27.8%; p=0.021) in dairy compared to 8.3% in land grazed by 

sheep/beef. Water levels in dry dairy were significantly lower than in other treatments 

(Table 3.8, Figure 3.5).  

Thatch presence within the 15 x 15 m
2
 SMS area also differed between irrigated and 

unirrigated soil, but not significantly across the board between stocking types (Table 3.8, 

Figure 3.5).  There was a 60.0% reduction in thatch presence in irrigated land grazed by 

dairy, compared to 51.1% in the sheep/beef grazed land. These results suggest that water 

application has more impact in dairy compared to sheep/beef farm land. 
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Figure 3.5 Soil water, total N, and bulk density for dairy compared to sheep/beef farms 

(Soil water content and bulk density is measured in gcm
-3

 while N is in kg N m
-2

). 

 

 

 

Figure 3.6 Estimates of P and electrical conductivity for dairy compared with sheep/beef. 

(P is measure in (mg P X 10 m
-2

 and electrical conductivity in µS/cm). 
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Figure 3.7 SOC, Clover, thatch, Na and K estimates for dairy compared to sheep beef farms. SOC is measured as Kg C m
-2

; clover prevalence 

and the occurrence of thatch as a percentage; and Na and K are measured in cmolc m
-2

. 
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3.3.3 Is soil quality higher where there are more earthworms (Hypothesis 3)? 

The models presented so far have searched for evidence that soil quality changed in 

response to irrigation and effluent application and also conversion from sheep/beef to 

dairying accompanied by water application. More complex GLMM models were built next 

to explore the same soil response variables but with treatments (Irrigation, Stock) and their 

interactions, earthworms (EW), days since the paddock was grazed (Days), and pasture dry 

matter (Dry Matter) as additional predictors. The initial GLMMs were of the form: 

Soil quality  Irrigation + Stock+ Irrigation.Stock+ EW + Dry matter + Days 

However, I found no evidence that Dry Matter and days since the paddock was grazed had 

any power to predict soil quality (Appendix 3.4).  Accordingly, all the models were 

reduced to a simpler form:    

Soil quality  Irrigation + Stock+ Irrigation.Stock + EW 

The predictor coefficients and their significance are summarised in Table 3.10 and Table 

3.11 below. There was no evidence that many of the potentially important changes in soils 

that were observed between treatments were also strongly associated with a change in 

earthworm abundance or biomass (Table 3.10 and Table 3.11). Nevertheless, there was a 

weak negative association between SOC and total nitrogen from Lumbricus rubellus 

earthworm species in dairy treatments (Table 3.10).  

When the interaction of irrigation and stock type are considered, total N was lower where 

L. rubellus abundance was lower; electrical conductivity was lower where total earthworm 

biomass was higher; and soil water content increased where earthworm biomass was larger  

(Table 3.11).  More studies are recommended to better ascertain earthworm associations 

with soil quality levels and explore why some negative associations emerge. In the 

meantime this study emphasises a lack of strong relationships between earthworms and 

soil quality. 
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Table 3.11 Constants and parameter values for earthworm explanatory variables for soil properties. REML models were used to predict soil 

quality property estimates in dairy treatments to show the relationship between earthworm measurements and observed soil indicator values. 

Nutrients measurements are based on nutrient per m
2
 of the top 7.5 cm soil depth. 

Soil property PC1  PC2  PC3  PC4  Bulk density  

(gm
-3

) 

SOC  

(kg C m
-2

) 

Total N 

(kg N m
-2

) 

P  

(mg P m-
2
) 

Transformation 

used 

Untransformed Untransformed Untransformed Untransformed Untransformed Natural log Natural 

log 

Square root 

Constant 0.95480 -0.45740 -0.40690 0.08091 0.83420 4.18400 0.40030 5540.00000 

A.caliginosa -0.00039 0.00020 0.00017 -0.00008 -0.00001 -0.00038 -0.00002  

L. rubellus -0.00002 -0.00045 -0.00094 0.00017 -0.00002 -0.00008* -0.00003*  

 

 

Table 3.11 continued 

 CEC  

(cmolc m
-2

) 

Ca 

 (cmolc m
-2

) 

Mg  

(cmolc m
-

2
) 

K 

(cmolc m
-2

) 

Na 

(cmolc m
-2

) 

Soil water 

(gcm
-3

) 

Soil pH   Conductivity 

(µS/cm) 

Transformation 

used 

Square root Untransformed Log base 

10 

Natural log Natural log Untransformed Untransformed Untransformed 

Constant 536.70000 422.40000 70.85000 27.92000 9.28100 0.34220 5.73000 538.80000 

A.caliginosa -0.00573  0.00098    -0.00007 -0.01168 

L. rubellus -0.03298  0.00266    -0.00009 0.01197 

Total EW  -0.01148   -0.00100    

Total EwB   -0.00697  0.00036   

* p<0.05 from REML Genstat model 
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Table 3.12 Constant and parameter values for earthworm explanatory variables for soil properties from the interaction of irrigation and stock 

REML models to predict soil quality property estimates to show the relationship between earthworm measurements and observed soil indicator 

values. Nutrients are based on nutrient per m
2
 of the top 7.5 cm soil depth. 

Soil property PC1  PC2 PC3  PC4  Bulk density 

(gcm
-3

) 

SOC  

(kg C m
-2

) 

Total N  

(kg N m
-2

) 

P 

(mg P m-
2
) 

Transformation 

used 

Untransformed Untransformed Untransformed Untransformed Untransformed Natural 

log 

Square root Untransformed 

Constant -0.99091 0.32390 -0.68300 -0.46700 0.84412 3.73300 0.28200 4762.00000 

A. caliginosa 0.00002 0.00056 0.00001  -0.00003 -0.00060 -0.00001 -0.50560 

L. rubellus -0.00057 0.00041 -0.00001  -0.00002 0.00004 -0.00009* 0.40710 

EW Density         

EW Biomass    -0.00027     

 

Table 3.12 continued 

Soil property CEC 

(cmolc m
-2

) 

Ca  

(cmolc m
-2

) 

Mg  

(cmolc m
-2

) 

K 

(cmolc m
-2

) 

Na 

(cmolc m
-2

) 

Soil water 

(gcm
-3

) 

Soil pH  Conductivity 

(µS/cm) 

Transformation 

used 

Log base 

10 

Untransformed Natural log Natural log Untransformed Untransformed Untransformed Untransformed 

Constant 471.10000 364.50000 66.85000 19.10000 8.89300 0.32184 5.77000 300.50000 

A. caliginosa 0.03355  0.00418 -0.00108 -0.00072  0.00006  

L. rubellus -0.02155  -0.00243 -0.00234 -0.00030  -0.00019  

Total EW  0.00642      -0.08132** 

Total EwB     0.00014*   

**p<0.01 and *p<0.05 from REML Genstat model. 
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3.4 Discussion 

3.4.1 Are volumetric or gravimetric measures of soil quality most appropriate? 

Application of water and effluent to land led to a reduction of soil bulk density which is 

likely to have been caused by soil becoming more structured and therefore holding more 

water and air. Soil structure affects root envelop volume and can determine the capacity of 

the roots to absorb nutrients. Since bulk density changed with irrigation and effluent 

application, it raises issues with the best method of expressing soil changes under different 

soil management systems. Nutrients measured per unit area of paddock (volumetric) consider 

the added spaces for air, water and stones within the soil. In contrast, expressing nutrients per 

unit weight (gravimetric), excludes considerations of water and aeration changes. Comparing 

gravimetric and volumetric soil measurement and reporting show that either method is 

suitable in reporting soil test results as there are no significant differences between the results 

reported in either method (Table 3.6, Appendix 3.3). However, the minor differences in 

significant levels exhibited when reporting nutrients in either method (e.g. moderate 

differences in SOC when using volumetric but no evidence of differences when using 

gravimetric) suggest that soil nutrient status may vary depending on the method especially in 

extremely low nutrient levels or huge bulk density differences 

Since irrigation, effluent application and grazing animals bring about significant soil bulk 

density changes (Table 3.6, Table 3.8, Figure 3.2, & Figure 3.5) it is possible it can also 

affect other bio-physical properties such as vigorous root growth in areas with lower bulk 

density. If this happens, root production may compensate for reduced nutrients per square 

metre of the 7.5 cm soil. However, if a reduced bulk density does not lead to increased root 

depth, the volumetric nutrient measures can underestimate nutrient availability in soils with a 

lower bulk density. Alternatively, if root extensions occur, then gravimetric comparison will 

overestimate the relative nutrients available in soils with a lower bulk density. It is therefore 

important to choose a method suitable to the study question. Here I have chosen to mainly 

present the results for volumetric measures and appended gravimetric equivalents. Future 

research is needed to test whether root envelops are expanded or reduced where soils are 

irrigated or receive effluent.  This is needed to determine whether any such changes are likely 

to exacerbate or reduce the impact of changes in soil quality on pasture and animal 

production.  



 
 

108 
  

3.4.2 Methodological considerations  

Another arching complication must be considered before assuming that the differences I 

observed between treatments are entirely caused by the irrigation, effluent dispersal and 

conversion to dairy farming itself. This study deployed a quasi-experimental approach rather 

than a formal comparison between treatments and therefore should be interpreted with 

caution. Farms could not be assigned randomly between treatments simply for the sake of 

experimental control. Nor were the paddocks receiving effluent a random selection of all 

paddocks in each farm; unirrigated remnants on converted farms were also not randomly 

assigned. Inclusion of the unirrigated farms outside the Morven Glevavy Ikawai Irrigation 

Company jurisdiction (Tables 2.1 & Table 2.2; Figure 2.1) may have potentially introduced 

added variation in particular because soil type varied. A Before-After-Control-Impact (BACI) 

experimental design (Smith et al., 1993; Morrison et al., 2001) is the only way to fully control 

for these potential disruptions, but unfortunately all the study farms had converted several 

years before my study and no ‘before’ data are available. Other considerations include, 

differences in soil types, seasonal variation particularly cloud cover, individual farmer 

management practices e.g. fertilisation and stocking rates and other inherent site characterises 

may have influenced the results. In order to minimise the disruption from the above effects, a 

hierarchical and nested sampling design was used within study farms, and variance blocking 

used within the REML and GLMM models to account for the lack of independence between 

nearby SMSs.  Strong and consistent differences were detected between treatments within the 

same farms, so I am confident that the shifts between treatments are real and certainly 

ecologically important. In the meantime the interpretation of results proceeds on the 

assumption that observed differences also reflect causal associations triggered by instigation 

of irrigation, effluent dispersal and conversion to dairying.   

 

3.4.3 Effects of irrigation and effluent dispersal on soil quality  

Nutrient levels were generally lowest in untreated soils, followed by effluent and then 

irrigated soils.  Highest values were recorded in soils treated with both effluent and irrigation 

water (Table 3.6). Calcium was highest in irrigation only treatment, while sodium was 

highest in effluent only treatment and lowest in irrigated only treatment. Observed 

experimental shifts in soil bulk density and nutrient levels following irrigation and effluent 
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application are generally considered to indicate increases in soil quality (Sparling et al., 

2003). This led to the acceptance of Hypothesis 1.  

Of the affected soil properties, soil bulk density, SOC, total N and P are likely to have the 

more far reaching and important effects. A reduced bulk density can provide enhanced 

nutrient absorption capabilities, increased water infiltration and retention, aeration and root 

growth. The fact that volumetric water content contrasted soil bulk density measurements 

(Table 3.6) supports this speculation. This observation support other studies suggesting that a 

decreased bulk density is accompanied by increased water content and probably soil porosity 

(Werner, 1997).  

The PCs demonstrated that soil characteristics changed across the land treatments. Among 

the nutrients loading highly on PC1 (which comprised 28.5% of the variance in the data) 

were soil carbon and nitrogen. Soil carbon is important because it provides an energy source 

for soil microbes to mineralise and immobilise N from organic sources and it affects many 

other soil properties (Van Kessel et al., 2000; Ribeiro et al., 2010; de Vries et al., 2012). 

Moreover, improved SOC levels benefit soil directly by improving its structure, increasing 

water retention and decreases soil degradation risks (Lal, 2009a). The nutrient gradients 

observed in this study may have been triggered by water and effluent additions that enhance 

their availability. Other studies too have reported nutrient level increases following irrigation 

and nutrient additions (Rixon, 1966a; Entry et al., 2002) and effluent additions in agreement 

with  Lal (2004a)’s conclusion that changes in soil water in combination with different 

qualities and quantities of organic matter significantly impact soil nutrient levels. When these 

nutrients are in higher amounts in the soil, they can enhance pasture growth affecting nutrient 

cycles and subsequently soil biota. The overarching conclusion is therefore that irrigation and 

effluent dispersal have a positive impact on most soil quality measures in the Waimate 

district. 

 

3.4.4 Changes in soil quality following conversion to dairying under irrigation 

(Hypothesis 2) 

Tests of Hypothesis 2 were complicated because of the large variation of soil properties 

observed between land grazed by dairy cows and that grazed by sheep and beef cattle (Table 
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3.8 & 3.9). There were many more significant interaction effects (irrigation.stock) than 

simple main effects (compare Table 3.8 and 3.9), testifying to the somewhat erratic nature of 

the changes. Soil organic carbon and total nitrogen were higher in land grazed by sheep beef 

than dairy cows, while irrigated land had higher nutrient values for calcium, phosphorus and 

also higher electrical conductivity levels (Table 3.9). Total nitrogen was generally enhanced 

by water addition as the highest nitrogen levels were recorded in irrigated land grazed by 

sheep/beef, with the lowest values in unirrigated dairy. Phosphorus, potassium and electrical 

conductivity were highest in irrigated dairy and lowest in unirrigated dairy but apart from 

potassium which drastically dropped (25% less), phosphorus and electrical conductivity were 

only marginally lower in irrigated land grazed by sheep/beef against the unirrigated one 

(Table 3.8). Potassium was highest in unirrigated sheep/beef and lowest in unirrigated land 

grazed by dairy cows and yet the highest bulk density values were highest in unirrigated dairy 

with the lowest in irrigated dairy but was lower in irrigated land  grazed by sheep/beef against 

unirrigated one (Table 3.8; Figure 3.5, 3.6 & 3.7).  

Lack of clear patterns associated with dairy conversion may have been caused by soil type 

differences or soil fertilization and paddock/stock management that may be independent of 

type of animals grazing the land. The number of sheep/beef farms remaining in the area for 

sampling was low, so the statistical power of testing Hypothesis 2 was likely to be weaker 

than tests of Hypothesis 1 where sample sizes were larger.  Furthermore the power to detect 

changes may have been impacted by inter-annual changes that may require repeated 

measurements or a BACI design for its improvement.  

It was expected that conversion to high intensity dairying with high pasture turnover would 

be accompanied by higher nutrient levels and generally improved soil quality. Instead a more 

complex picture emerged, where P and conductivity increased on irrigated pasture following 

conversion to dairying but remained relatively unchanged in unirrigated paddocks; N 

declined when the farms were converted, especially in unirrigated paddocks; Na and K 

declined following conversion, especially on irrigated paddocks; and SOC declined following 

conversion more evenly across both irrigated and unirrigated treatments (Tables 3.8 & 3.9; 

Figures 3.5. 3.6 & 3.7).  As nutrient levels mainly declined with dairy conversion (albeit in 

different ways on irrigated and unirrigated land), therefore, Hypothesis 2 had to be rejected as 

far as the main nutrient levels are concerned. Only phosphorus and conductivity increased 

with conversion in the way predicted by Hypothesis 2.  Similarly, there were increases in soil 
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bulk density and associated declines in water holding capacity in unirrigated soils following 

conversion to dairy farming; and declines in SOC across all the treatment when farms 

converted to dairy. This suggests soil structure, aeration and water holding has decreased 

slightly in unirrigated paddocks when they were converted to dairy, but that soil structural 

components are maintained at around previous levels on irrigated pasture following 

conversion.  Hypothesis 2 is therefore rejected for soil structural components on unirrigated 

land in particular, and there is no evidence that these structural components of healthy soil 

increased or decreased on irrigated paddocks following dairy conversion.      

Frequent and higher fertilization rates in land grazed by dairy cows, and provision of 

supplementary feeds (“external inputs” that can impact nutrient levels), is expected to result 

in increased nutrient levels. Sheep graze pasture closer to the ground than do cows. Therefore 

sheep leave less litter and therefore return less plant residue to land. This is probably the 

reason for the reduced thatch remaining on sheep and beef paddocks compared to dairy 

paddocks (Figure 3.7).  Reduced litter fall might be expected to lead to reduced nutrient 

levels in sheep farm soils. Instead significant decline in macronutrients were observed there. 

The fact that effluent at dairy sheds is only distributed to a small part of dairy farms, whereas 

dung and urine from sheep and beef cattle is naturally distributed over the whole farm, cannot 

by itself explain my observations. Dairy cows produce significantly more dung (in the order 

of 10 times more), and only about 12% of it is deposited on the milking shed surfaces. It may 

be that the higher production under dairy management is not fully replaced by soil 

fertilisation, so that nutrient levels remaining in the soil decline. Reduced abundance of 

earthworms was also observed in dairy soils (Chapter 2), so perhaps reduced biological 

activity is triggered by conversion to dairy stocking, which in turn reduces the availability of 

nutrients for pasture growth and animal production (Figure 2.11).   

Changes in clover prevalence in pastures are potentially ecologically very important because 

it is a nitrogen fixer. Clover prevalence increased in unirrigated dairy pastures (Figure 3.7), 

whereas N decreased (Figure 3.5).  Therefore changes in clover prevalence are not an 

explanation for the observed treatment effects.   

The increase in soil bulk density in unirrigated dairy soils (Table 3.8, Figure 3.5) and 

associated decline in water holding capacity may have driven some of the reductions in 

nutrient levels following conversion. Evidence from literature demonstrates that soil bulk 

density reduces with increased soil organic matter inputs (Mäder et al., 2002), the opposite of 
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was observed in unirrigated soils converted to dairy production. Dairying is normally 

accompanied with higher stocking rates and trampling cows in wet soils is normally expected 

to cause soil compaction. Stationary cows exert greater pressure (160 -192 kilopascals) 

compared with sheep (83 kilopascals), and these pressures can double when the animals walk 

(Willatt and Pullar, 1984). A lower bulk density in sheep/beef compared with dairy grazed 

land is consistent with other New Zealand studies showing dairy grazed soils being more 

compact than those grazed by sheep beef (Drewry et al., 2000) and that sheep grazed pastures 

have a lower bulk density (Houlbrooke et al., 2008a). Earthworms enhance soil organic 

matter stability and lower bulk density (Mäder et al., 2002). However, this was not 

demonstrated in this study (Table 3.10 & Table 3.11).  

Bulk density changes have a potential to affect root penetration, thereby increasing root 

biomass where bulk density is lower. If the higher soil bulk density on unirrigated dairy 

paddocks was accompanied by less root penetration, fewer nutrients may have been available 

per pasture plant following conversion than is suggested by my volumetric analysis. If the 

increased bulk density did not trigger root reduction, use of volumetric nutrient measurement 

will have been the most appropriate. Research of relative root envelop size and competition 

between pasture plants for nutrients under different irrigation and effluent spreading regimes 

would help interpret my preliminary results.  

SOC changes are normally assumed to require long time periods (Haynes & Francis, 1990). 

A 17% decrease in SOC following conversion to dairy was observed (Table 3.9) and all the 

study farms had converted within the last 25 years. Many researchers have found increased 

earthworm abundance and biomass in soils with higher SOC, so my higher order correlation 

between reduced SOC and lowered earthworm abundance on dairy conversions is consistent 

with the international literature. The decrease in SOC following conversion to more intensive 

dairy farming is a potential concern for soil quality in the longer term. Irrigation and effluent 

dispersal clearly build SOC (Figure 3.3), so adjustments in nutrient and water management 

are potential solutions to maintain the natural capital of the soils for sustainable production in 

the long term.  A carefully controlled and repeated soil monitoring programme is needed to 

assess trends in SOC and other key soil quality metrics would be extremely valuable but has 

not yet been established.  It is important to determine whether SOC and other soil quality 

metrics step down rapidly after dairy conversion and thereafter stabilise; or whether an 

ongoing decline is underway that may need remediation by adjusted stock, fertiliser, effluent  
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and water management. The apparent elimination of the deeper burrowing anecic worms in 

irrigated pastures (Chapter 2) provides further and urgent reason to establish such a long term 

monitoring programme.  

It is important to note that the study SMSs were stratified my SMS across irrigated and 

stocking types in this study to test for treatment effects in a balanced and more statistically 

powerful way.  The mean estimates presented in the tables and figures are therefore not 

representative of cumulative effects of dairy conversion and irrigation at an agro-ecosystem 

landscape level.  In reality, nearly all the dairy conversion farm areas are irrigated, and nearly 

all of the sheep/beef farm areas are not irrigated. From a landscape point of view, dairy 

conversion effects are therefore mainly indicated by comparing unirrigated sheep/beef SMSs 

with irrigated dairy SMSs. Many of the soil quality measures were relatively high in irrigated 

compared to unirrigated pasture, so overall shifts in soil quality are somewhat less than first 

apparent from comparing all the treatments in Figures 3.5 to 3.7 and in Tables 3.8 and 3.9. 

 

3.4.5 Relationships between soil quality earthworms (Hypothesis 3) 

Total earthworm biomass contributed significantly and positively to the observed soil water 

content levels (Table 3.11). This can be attributed to the structures created from the 

burrowing activity of earthworms that can enhance water storage. The capacity of 

earthworms to increase water infiltration and storage has been demonstrated (Bouché and Al-

Addan, 1997; Edwards and Shipitalo, 1998). 

There were also weak but still statistically significant relationships between earthworms and 

SOC, total nitrogen and electrical conductivity (Table 3.10, Table 3.11). However, the 

observed relationships ran in the opposite direction than postulated in Hypothesis 3 and 

studies showing positive correlations of earthworm presence with soil nutrient pools 

(Andersen, 1983; Bossuyt et al., 2005; Lavelle et al., 2006; Fonte et al., 2007). Also the 

observed associations were restricted to L. rubellus, a species that lives and feeds at the soil 

surface (Lee, 1985).  It can potentially enhance litter decomposition and mineralisation 

thereby accelerating nutrient losses. Furthermore, through symbiotic relationships with soil 

microbes, earthworms enhance the mineralisation process, transforming organic compounds 

into inorganic ones that lead to nutrient losses in the form of CO2 and N2O.  If this is 
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occurring, then it supports a recent study suggesting that greenhouse gases from soils are 

increased by earthworms (Lubbers et al., 2013).  

The main surprise from the results of this study was the lack of clear positive correlations 

between soil quality and the main endogeic earthworm present, A. calignosa. This contrasted 

with the generally accepted claims that earthworms drive soil structure and quality, with large 

plant production shifts observed when earthworms were introduced in land devoid of 

earthworms e.g. in New Zealand (Stockdill and Cossens, 1966; Stockdill, 1982), Netherlands 

(Hoogerkamp et al., 1983) and Scotland (Haria et al., 1998). The apparent lack of association 

between A. calignosa and soil quality in my study therefore suggests that the relationship 

between earthworms and soil quality is not tightly coupled. If so, changes in one do not 

trigger directly proportionate changes in the other. Many factors influence soil quality and 

earthworms that are not necessarily associated with soil treatment or grazing animals (Figure 

2.11). For example, putative impacts of stock trampling may impact sharply on earthworm 

abundance by adding mortality, whereas trampling effects on soil bulk density may be 

gradual and far reaching by triggering a host of indirect ecological effects in soil ecosystems. 

Non-linear, threshold or asymptotic relationships may broadly link earthworm abundance and 

soil quality. The linear GLMM models and limited data set could not have detected such 

complex interactions between earthworms and soil quality, should they exist.  

Perhaps the absence of strong relationships between earthworms and soil quality in this study 

relates partly to the very shallow depth at which soil for laboratory analysis was collected. 

Nutrient changes resulting from land management can occur deeper in the soil profile 

(Lorenz and Lal, 2005) and earthworms and irrigation water can effectively cause vertical 

distribution of nutrients (Lavelle and Pashanasi, 1989). The restriction of sampling to the top 

7.5 cm for soil quality determination in New Zealand pastures raises concern as it does not 

account for the possible roles earthworms can play in nutrient cycling as they are active 

beyond the 7.5 cm depth. This is more so with the anecic earthworms which can transport 

nutrients from the deeper soil layers to the top or from top to deeper layers (Box 1.2, Figure 

2.11). Moreover, their burrows can store water and aerate the soil, contributing to the 

system’s resilience. This therefore calls for a sampling strategy beyond the normal top 7.5 

cm. 

A combination of many factors influences soil quality.  This suggests the importance of 

taking a systems approach to soil management rather than basing recommendations for 
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‘sustainable’ soil management practices entirely on imagined simple causal and 

unidirectional links between say earthworms and production. The statistical models used in 

this study cannot by themselves prove or disprove causal linkage; rather they merely test 

associations between variables that may have risen by various indirect and correlated changes 

in the soil ecosystem following imposition of different land management regimes.  

The statistical association found between earthworms and soil water holding capacity and 

weak associations between L. rubellus and soil quality, albeit in the opposite direction from 

that expected, can be interpreted to indicate a loose and potentially indirect coupling of 

earthworms and soil quality. This post hoc interpretation now requires follow-up research, 

but in the meantime, Hypothesis 3 must be formally rejected. 

 

3.4.6 Conclusions 

Water and effluent applications certainly have affected the soil matrix and its chemical 

properties in the Waimate district. Increased macro-nutrient levels occur where effluent is 

dispersed and water is added through irrigation, and especially when both these ecological 

subsidies are added together. Soil structure, SOC, aeration and water holding capacity are 

enhanced in the water and effluent addition treatments. Smart irrigation and nutrient 

management strategies clearly provide potential solutions to maintain sustainability of the 

farming systems. However, this study also founded reduced nutrient levels and more compact 

soils in land converted to dairy production, especially under unirrigated pastures. This 

demonstrates that relying heavily on chemical fertilization is not always sufficient to maintain 

higher nutrient levels and SOC when farming is intensified by converting to dairy production.  

Although earthworms undoubtedly promote soil quality and structure, only few and weak 

associations were found between them. This lack of tight coupling and linear relationships 

between earthworms and overall soil quality warns that they may have limited value as soil 

sustainability indicators.  

Since a complex and mutual interdependence between earthworms and soil respiration has 

been emphasised by many studies (Ayres et al., 2009; Lubbers et al., 2011), my next chapter 

will directly test whether effluent and water additions impact soil atmosphere gaseous 
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exchanges in important ways for pastoral production. It will also test whether any such 

changes in soil quality are particularly pronounced where there are more earthworms. 
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Chapter 4: Effect of irrigation and effluent dispersal on dairy pasture 

Greenhouse Gas fluxes 

 

Abstract 

As irrigation directly affects crop yields and the release of greenhouse gases from soils, its 

role in food production is critical due to the growing food demand and threat of climate 

change. The effect of wet/dry cycles in inducing soil-atmosphere gas exchanges is well 

documented but the effects of the ‘extent’ or ‘degree’ of field soil drying and rewetting 

remains poorly understood. In this field study, the impact of wet/dry cycles on CO2, N2O and 

CH4 fluxes was investigated across four treatments, each applied to dairy farm pastures: (i) 

only added effluent, (ii) only added water, through irrigation, (iii) effluent and water added 

together, and (iv) neither water nor effluent added. Altogether, 60 Soil Monitoring Sites were 

sampled in 12 paddocks across 5 farms in the Waimate District of New Zealand in the 

summer of 2013. Gas fluxes were measured every 4th day following soil wetting, using static 

chambers. All four treatment sites were sources of CO2, with mean fluxes of between 4.38 

and 14.49 mg CO2-C m
-2

 hr
-1

 and of N2O with fluxes ranging from 0.007 to 0.012 mg N2O-N 

m
-2

 hr
-1

. The treatment soils were net sinks of CH4 ranging from -0.018 to -0.072 mg CH4-

Cm
-2

 hr
-1

, but the untreated site was a weak CH4 source (0.0025 mg CH4-Cm
-2

 hr
-1

). GHG 

emissions were strongly dependent on soil management, for example rewetting soils 

receiving effluent increased CO2 emissions by 160.6% while it reduced N2O emissions by 

16.5% but enhanced CH4 uptake capacity by 286.0%. In addition, effluent only treated sites 

had the lowest CO2 emissions (50% less than untreated sites) yet highest N2O emissions were 

measured at the same sites (72.8% more than untreated sites). Temporal variation in the 

wetting and drying cycles was particularly high for N2O, with peak fluxes measured on the 

6th day after soil wetting that signaled a hot spot for this gas. Overall, soil treatment and the 

frequency of drying and wetting events have significant ecosystem ramifications in soil 

management and underline challenges in nutrient management and soil microbial dynamics. 

Increased emissions of CO2, the most important GHG, from irrigated soils raises concern that 

expected increases in irrigation around the world will accelerate global warming. However 

this study also shows that these risks will in part be counteracted by increased absorption of 

CH4 by irrigated pastures. 
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4.1 Introduction 

Impacts of human activity on increased greenhouse concentration have been discussed over 

the last 100 years. By 1980s, the influence of human activities on the release of these gases 

gained increased credibility and sparked political activity that culminated into the 

establishment of the Intergovernmental Panel on Climate Change (IPPC) (IPPC 1990). 

Atmospheric concentrations of these gases (CO2, CH4 and N2O) are increasing at rates of 0.4, 

0.6 and 0.25 per year respectively (IPPC 2006).  Although agriculture is a minor emitter of 

CO2, it is a major emitter of N2O and CH4 (USDA 2004). N2O, is mainly emitted as a result 

of the use of synthetic and organic fertilizers and effluent, it agriculture actually dominates 

anthropogenic sources (Denman et al., 2007 Schils et al., 2013), It has been shown that the 

increased troposphere N2O between 1860 and 2005 could be explained be 2.0% of manure 

nitrogen and 2.5% of fertilizer nitrogen emissions over that period (Davidson 2009). Further, 

dung and urine from grazing animals deposited onto pastures contribute up to 41% of N2O 

emissions, animal wastes from housing and storage yield 19%, application of animal waste to 

land contribute 10%, burning of dung leads to 3% of N2O emissions while indirect sources 

contribute up to 27% (Oenema et al., 2005).  As can be seen, higher amounts of the emissions 

can occur as a result of animal manure being deposited onto the soil. Therefore, any drastic 

change in land use and farm management practices (e.g. the drying and wetting cycles) can 

lead to a change in the size of the soil carbon pool, moisture content and oxygen availability 

and thereby alter the release of GHG’s from the soil (Mooney et al., 1987; Wang et al., 1999). 

Similarly, adding of effluent can alter the dynamic equilibrium of the carbon cycle which can 

have an impact of the other cycles e.g. the nitrogen cycle. The trend of increasing animal 

based agricultural production in New Zealand creates an urgent need to fully understand the 

sources, processes and management factors that contribute to the release of agricultural based 

N2O. This is even more significant for the development of practical strategies that can be 

taken to not only reduce the impacts of agricultural greenhouse gas emissions but also 

adaptation as well. 

The sizes of the emitted fluxes depend on agricultural management, climatic conditions, 

available nitrogen and other soil properties (Smith et al., 2003; Aulakh et al 1992). Therefore, 

the projected increases in world population and individual food energy intakes will apply 

more pressure for sustainable management of land, water and nutrients on which agricultural 

production depends (Bruinsma, 2009; Alexandratos and Bruinsma, 2012). Irrigation is 
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currently used to boost production of food and fibre on 6.2% of world agricultural land and is 

expected to increase to meet the expected rise in food demands (FAO, 2010). Irrigation not 

only ensures the continued supply of plant water requirements, but can also affect the 

capacity of soil to act as a ‘sink’ (net absorber) or ‘source’ (net emitter) of greenhouse gases 

(Lal, 2004d). However, the potential contribution of irrigation to net greenhouse gas (GHG) 

emissions has received little investigation compared to contributions to global climate change 

mitigation from other agricultural activities (King et al., 2009). GHG emissions are a 

particular problem facing New Zealand pastoral farming (Saggar et al., 2004), with 

agriculture contributing the largest proportion (47%) to New Zealand’s total greenhouse gas 

emissions in 2011(Ministry for the Environment, 2012). 

The activities of soil decomposer organisms and roots lead to the production of CO2 

(Schlesinger and Andrews, 2000). Nitrous oxide emissions have been studied extensively in 

the temperate regions (Eichner, 1990). , while three processes lead to N2O release from the 

soil (i) oxidation of ammonia to NO2
-
 and NO3

- 
 (Kowalchuk and Stephen, 2001b); (ii) 

reduction of NO3
-
 to NO2

-
, NO, and N2O under anoxic conditions (Knowles, 1982); and (iii) 

oxidation of ammonia to NO2
-
 which is then reduced to N2O, NO and NO2 (Wrage et al., 

2001). However, only limited data are available under irrigation (Mosier et al., 1986, Bronson 

et al., 1992; Delgado and Mosier 1996; Delgado et al, 1996). On the other hand, CH4 

emissions result from either the action of anaerobic organic decomposition of organic matter 

(Thauer, 1998) or microbial consumption using CH4 as their energy source (Hanson and 

Hanson, 1996; Dutaur and Verchot, 2007).  These fluxes can be enhanced or inhibited 

depending on soil water content, substrate availability, temperature and salinity (Hanson and 

Hanson, 1996; Thauer, 1998; Dutaur and Verchot, 2007). Irrigation might therefore play an 

influential role in the progression of climate change and efforts to mitigate it by altering the 

rate and direction of these GHG emissions to and from soil (Table 4.1). 

Short term pulses of GHG emissions are reasonably well described following wetting and 

drying (Linn and Doran, 1984; Priemé and Christensen, 2001; Butterly et al., 2009). These 

pulses result from changes in soil microbial activity when dormant microbes become active 

or active ones become dormant depending on aerobic conditions of the soil (Kieft et al., 

1987). However, emissions recede to initial levels with repeated soil wetting and drying 

(Muhr et al., 2008). Mineralisation could also be affected by the duration and intensity of 

drying and wetting (Borken and Matzner, 2009) and the frequency of the drying and wetting 
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cycles (Fierer and Schimel, 2002). Long term effects of irrigation on soil structure and quality 

are expected and observed (Chapter 3), and these changes may lead to long term changes in 

average levels and temporal fluctuations in GHG emissions for a given soil moisture content.  

Some studies have directly compared GHG emissions from irrigated and unirrigated soils and 

reported increased GHG emissions under irrigation soil management practices (Simojoki and 

Jaakkola, 2000; Horváth et al., 2010; Livesley et al., 2010; Rochette et al., 2010). Other 

researchers have found no significant differences in GHG emissions from irrigated and 

unirrigated soils (Wulf et al., 1999; Holst et al., 2008). None of these studies have considered 

the potential interactive effects of effluent, nutrient management and irrigation for resulting 

GHG fluxes. New Zealand farmers apply effluent with the intention of recycling nutrients 

internally within the farm thereby reducing the amounts of nitrogenous fertilizers to be added 

(Chapters 1, 2 & 3). Effluent dispersal has been shown to increase N2O emission rates (Bolan 

et al., 2004b; Bhandral et al., 2007) and soils treated with effluent continue to emit N2O long 

after its application (Christensen, 1983; Chadwick et al., 1997; Flechard et al., 2007). 

Effluent application to land, together with irrigation water, is largely expected to increase 

pasture productivity. This directly or indirectly affects the amount of plant residue returned to 

the soil and boosts the decomposition processes by providing soil decomposers with a food 

source (Swift et al., 1979; Bloem et al., 1997; Bradford et al., 2002b; Perkins, 2003; Wardle 

et al., 2004) and subsequently impacting the overall C and N cycling dynamics (Table 4.1).  

In the Waimate District, irrigation cycles usually consist of 1 to 2 days of soaking followed 

by a 15-day “drying” period. Since drying may be more prolonged during rainy periods, 

especially in spring or autumn, the average wetting frequency is every 17 days (Robin 

Murphy, personal communication). Farmers’ desire to optimise the benefits of irrigation and 

dispersed effluent will depend on positive interactions between soil biota and the inputs. 

GHG emissions are often controlled by soil properties such as water content and oxygen 

availability (Table 4.1), as well as by soil nitrogen and carbon contents (Dalal and Allen, 

2008) and effluent dispersal.  The frequency of the dry/wet cycles will consequently alter N 

and C mineralisation and influence CO2, N2O and CH4 soil atmosphere fluxes by stimulating 

production and emission. Failing to account for these changes may lead to either under 

estimating or over estimating these gas fluxes. Thus, there is a need to consider the effects of 

the continuous irrigation events to quantify the emission rates of greenhouse gases from 

irrigated pastures.  
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 Table 4.1 Soil processes by which irrigation might influence CO2, N2O and CH4 fluxes to and from grassland soils. 

Effect of irrigation on soil process Reference 

Increases pasture productivity and therefore higher input plant residue returns of soil carbon (roots 

and plant residue) that provide readily available substrates for microbial decomposition 

(Entry et al., 2008; Butterly et al., 2009; 

Kochsiek et al., 2009) 

Enhances soil microbial activity leading to increased decomposition (Kieft et al., 1987; Holst et al., 2008; 

Kochsiek et al., 2009; Joos et al., 2010) 

Increased decomposition may lead to a reduction of soil organic matter lowering soil carbon 

content 

(Dersch and Böhm, 2001) 

Increased soil water content reduces soil aeration, while increased microbial activity reduces soil 

oxygen availability thus alteration of both nitrification and denitrification processes (the main 

processes that drive N2O formation) 

(Smith and Tiedje, 1979; Bremner, 1997; 

Ruser et al., 2006; Phillips, 2008; Beare et 

al., 2009; Loecke and Robertson, 2009; 

Horváth et al., 2010; Amha and Bohne, 

2011) 

Continuous changes between wetting and drying increases water stable aggregates, thus not easily 

decomposed but stored for longer time and consequently intensifying soil microbial activity. 

(Dexter, 1988; Degens and Sparling, 1995; 

Pulleman et al., 2005) 

Enhances the activity of soil invertebrates, e.g. earthworms decompose more organic matter in a 

wet soil than under dry conditions 

(Amador et al., 2005) 

Improves the general living conditions of soil microbes e.g. by affecting soil surface temperature 

and hence their functioning 

(Wulf et al., 1999; Mariko et al., 2007) 

Irrigation may result in increased nutrient absorption by flourishing plants reducing the amount of 

available reactive nitrogen and carbon compounds that influence GHG emissions 

(Liu et al., 2011) 

Soil wetting and drying increases C and N mineralisation and therefore emission rates (Xu et al., 2004; Sponseller, 2007; Kim et 

al., 2010; Wu et al., 2010) 

Decreased soil water content lower respiration, reduces diffusion of substrates and result in soil 

microbes reallocating resources potentially affecting nutrient cycling, thus moisture limitations 

limit soil microbes in dry soils 

(Stark and Firestone, 1995; Schimel et al., 

2007; Manzoni et al., 2012) 

Irrigation either increase or reduces CH4 consumption (Davidson et al., 2004) 

Gases may dissolve into the infiltrating water, or be displaced by water (Johnson et al., 2008; Rochette et al. 1991) 
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Both the short and long term effects of effluent dispersal and continuous wetting and drying 

under normal farm paddock
6
 conditions on GHG emissions are uncertain. The consequences 

of these changes for soil functioning can be significant in supporting an integrated nutrient 

management approach for sustainable and efficient farming practices. This raises the question 

of how GHG fluxes will be affected over a 17 day drying-wetting cycles in soils kept under 

long term irrigation and normal stock management. Will the continuous rewetting result in 

reduction of microbial activity and subsequent GHG emission rates? Or will potential pulses 

during re-wetting events outweigh this reduction and lead to increased overall fluxes? 

Understanding the temporal and spatial variability of CO2, N2O and CH4 fluxes over the 

dry/wet cycles is potentially important for reliably estimating these fluxes and developing 

mitigation strategies that can provide valuable information for managing the long-term 

sustainability and efficiency of the systems.  

Soil management practices affecting earthworm communities have also been shown to 

stimulate microbial activity (Syers and Springett, 1984b; Edwards, 2004a; McLean et al., 

2006). Earthworms decompose more organic matter in wet soil than under dry conditions 

(Amador et al., 2005). It is therefore possible that an increase in microbial activity in sites 

with more earthworms leads to higher GHG emission rates. 

To understand how these GHG fluxes respond to management induced drivers, temporal and 

spatial variations of chamber-based CO2, N2O and CH4 fluxes in four soil management 

regimes (i) effluent only (ii) irrigation only (iii) effluent & irrigation, and (iv) a ‘control’ 

(untreated), were quantified in five Waimate irrigated dairy farms.  

This study aimed at investigating the source/source behavior and temporal and spatial 

variability of soil CO2, N2O, and CH4 fluxes under irrigation and effluent dispersal 

management regimes and how these emissions relate to earthworm numbers. Specifically, 

this chapter predicted that the dry wet cycle events enhance the emissions of greenhouse 

gases from the soil (hypothesis 1). It was also predicted that gas fluxes show a temporal and 

spatial variation within irrigation/effluent soil management sites over the dry-wet cycles 

(hypothesis 2) and that there are increased emissions of CO2, N2O and CH4 where there are 

more earthworms (hypothesis 3). 

 

                                                           
6
 New Zealand farmers refer to individual farm fields as “paddocks”.  
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4.2 Materials and Methods 

4.2.1 Soil Monitoring Site selection 

The study was carried out in the Waimate District of New Zealand as detailed in Chapter 2. 

Gas samples were collected from 12 paddocks - six were irrigated and six had both irrigation 

and effluent dispersal and all had a sufficiently large ‘untreated’ area (that received neither 

effluent nor irrigation) for me to sample GHG fluxes for reference (control) comparisons 

(Table 4.1). I coupled the reference comparisons within the same paddocks because this 

ensured that other aspects of soil management (e.g. pasture renovation, drainage, soil type), 

artificial fertilization regimes, stocking rate and grazing rotations would be about as similar 

as possible between treatments and untreated soils (Photograph 4.1, Figure 4.1). This 

minimised the potential for bias and disruptive (‘nuisance’) variation that would potentially 

have reduced my power to detect experimental differences between treatments. These SMS 

selection criteria were not easy to satisfy because most of the paddocks were completely 

irrigated or had effluent additions and finding sufficient dry land was a challenge.  

Accordingly, the twelve study paddocks selected were spread across five different farms.   

In each paddock, five soil monitoring sites (SMSs) were selected using random numbers, 

three in the irrigated/effluent part and two from the dry patches (Photograph 4.1, Figure 4.1). 

SMSs were always at least 30 meters away from each other, trees, fences, gateways and water 

troughs in treatment areas. These restrictions sought to minimize variance between samples 

by avoiding areas where stock congregate and trample the soil. However, because of the 

shortage of dry areas, this 30 metre spacing requirement had to be relaxed when selecting 

untreated SMSs.  In those cases the two untreated SMS were spaced as far as practicable and 

always further than 15 m apart. 

Since the study focus was on the effects of irrigation and effluent dispersal on soil gas fluxes, 

actual sampling corresponded with the irrigation events. The Morven Glenavy Ikawai (MGI) 

Irrigation Company collaborated with the study and therefore sampling had to align with their 

irrigation schedule over a 17 day cycle. I collected a total of four gas samples over the 

duration of the irrigation cycles, sampling every four days. It was not possible to carry out 

sampling on the first day of irrigation when some of the paddocks had standing water 

(Photograph 4.2). Therefore, the first gas samples were collected on the 2
nd

 day after the 

irrigation event and then every four days, with the final sampling on the 15
th

 day. 
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Table 4.2 Sample design for soil gas flux measurements in five different dairy farms for this 

study in the Waimate District, South Island, New Zealand. 

SMS Condition Untreated Effluent 

Only 

Irrigation 

Only 

Effluent & 

Irrigation 

Number of paddocks sampled 
†
 

†
 6 6 

Number of SMSs sampled 12 12 18 18 

† 
These treatments were always paired in the same paddocks used for irrigation only and 

Effluent & irrigation treatment measures. 

 

4.2.2 Chamber design 

A static headspace chamber system with a chamber diameter of 250mm and height of 150mm 

was used for gas collection. The chambers were made from PVC and were insulated to 

minimise temperature fluctuations in the chamber headspace during sampling. The chambers 

followed the methodology of a previous study in which gas fluxes were collected from New 

Zealand pastures (de Klein et al., 2003). Vegetation inside the chamber was kept low.  Gas 

was collected from the same spot in each subsequent sampling occasion.  

4.2.3 Actual gas flux measurements 

Flux measurements were carried out between 09:00–17:00 hours during the months of 

January and February 2013 corresponding to days 2, 6, 10, and 15 of the irrigation cycle. 

Actual paddock sampling was alternated between effluent and non-effluent paddocks, and 

also between wet and dry patches within the paddock. That is, if a paddock was first sampled 

in the morning hours, it would be sampled in the afternoon in a next sampling. Similarly if 

the dry patches were sampled first, they were sampled later in the paddock’s subsequent 

sampling.  

Two opposing effects played a significant role in determining the chamber headspace sample 

time interval. Short time provides a more linear curve but is sensitive to even small 

disturbances (de Klein et al., 2003). In contrast, extended times are less sensitive to 

disturbance but are prone to factors affecting soil processes (Parkin and Venterea, 2010; 
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Rochette, 2011). Therefore, I decided on 30 minutes as the most suitable in this study. At 

each SMS, the timer was set to zero before sampling. After placing the chamber, the timer 

was started and immediately the first gas sample for time 0 (t0) was taken. After 30 minutes, 

the second round of sampling was carried out for time 1(t1). Air temperatures were also 

recorded in all occasions. Since, gas flux increases were expected to be linear, and the fact 

that I was resource limited, two headspace samples were deemed sufficient for the purpose of 

this study (de Klein et al., 2003). 

 

 

Figure 4.1 Typical sampled paddock showing location of the selected SMSs. Three SMSs 

were selected on the main irrigated/effluent site (green stipples) in the paddock while two 

SMSs were selected on the dry patches of the paddock. The dry patches were beyond the 

reach of spray irrigation system (often in the corner or margins of a paddock), or on land 

raised higher than the rest of the paddock (in the ‘Border Dyke’ flood irrigation farms). SMS 

were 15 by 15 m fixed sites (shown here in chequered squares).  
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Photograph 4.1 Distinct difference between a irrigated and untreated SMSs, note the sharp 

transition from irrigated (top left) to unirrigated (foreground and right). 

 

 

 

Photograph 4.2 A paddock flooded with water immediately after an irrigation event on a 

‘border dyke’ irrigation system paddock. During an irrigation event, the paddock is flooded 

by water up to approximately 30 cm deep and the water is left to subside as the paddock 

dries. This process is repeated after every 15 – 17 days. 

 

 

Polypropylene syringes (20 ml capacity) were used to draw gas samples through a 3-way 

stopcock (Photography 4. 3) directly through double-wadded caps into glass vials (6-ml 
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Labco Exetainers
®

, Labco Ltd, Lampeter, Ceredigion, UK www.labco.co.uk ). The gas was 

flushed through at least three times to ensure that the collected gas in the vial was over-

pressurised for suitability of its injection into the gas chromatography for analysis. Since the 

vials were new, there was no need to empty them in ensuring measurement accuracies. The 

samples were stored at room temperature before they were transported to Lincoln University 

soil analytical laboratory for analysis. 

4.2.4 Earthworm measurements 

Each time gas was collected, earthworms were also extracted from a 15x15 cm surface area 

to the depth
7
 of 20 cm (Shepherd, 2009). In total there were four earthworm measurements 

from each SMS over the 17 day period. Care was taken to cut the hole with vertical sides 

using a spade so the results can be expressed as density (numbers m
-2

) and biomass (g m
-2

). 

The soil and vegetation extracted from the pit was placed onto a plastic sheet and searched 

for earthworms by sorting and crumbling the soil matrix by hand (Edwards and Lofty, 1977). 

Earthworms were identified to species using external morphology keys and description 

provided in the literature (Lee, 1959a, b). The collected worms were divided into the three 

‘functional groups’ based on their location, body colour, shape, size and ecological roles 

(Lee, 1985), i.e.: 

 

 Epigeic worms are found on the surface (they do not form burrows) where they 

dwell and feed on the litter layer.  They are normally highly pigmented. They 

include Lumbricus rubellus (Hoffmeister) which was found in this study.  

 Endogeic worms form horizontal, usually temporary burrows.  These worms feed 

on soil. They are mostly pale in colour. They include Aporrectodea calignosa 

(Savigny) and Octolasion cyaneum (Savigny) which were found in this study. 

 Anecic earthworms make permanent vertical burrows in soil. They feed on leaves 

on the soil surface that they drag into their burrows. They also cast on the 

surface; they are large worms, often dark at the head end and paler near the tail.  

They include Aporrectodea longa (Ude) which was found in this study. 

                                                           
7 In New Zealand pastures, earthworms are normally only assessed up top the 20 cm soil depth 
  
 

http://www.labco.co.uk/
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Photograph 4.3 Three-way stopcock connected the syringe, vial and chamber enclosure head 

space for gas collection. 

 

 

 

Photograph 4.4 The author collecting gas in the field.  
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4.2.5 Laboratory Analysis 

The soil samples were sent to Lincoln University where they were analysed on my behalf. 

The exetainers were equilibrated to atmospheric pressure and then CO2, CH4 and N2O 

concentrations determined using gas chromatography (SRI Instruments, California, USA) 

Model 8610C attached to a Gilson 222XL Auto sampler (Mosier and Mack, 1980; de Klein et 

al., 2003). 

The gas chromatograph was fitted with a (3,2mm outer diameter, 1 m long) bore pre-column 

connected in series before the (3.2 mm outer diameter, 3 m long) analytical column 

comprising of porous polymer Porapak Q 80/100 mesh. This strategy is intended to remove 

unwanted substances that maybe present in gas samples (e.g. water, NH3 and some sulphur 

compounds) that are retained longer in the pre column.  

CH4 was determined by a flame ionization detector (FID) analyser, CO2 was converted to 

CH4 by a methaniser and then analysed, and N2O was determined on an electron capture 

detector (ECD). The gas chromatography was controlled by the SRI Peaksimple software for 

Windows (SRI Instruments Europe GmbH). Gas fluxes were quantified in parts per million 

(µl/l volume). 

4.2.6 Flux calculations 

To calculate the estimated fluxes, first the gas concentration g(c) measurements were 

converted to mass units and corrected to field conditions by applying the Ideal Gas Law. 

𝑔(𝑐) =
𝑔(𝑣) x M x p

R x T
                                                            (Eq.  4.1) 

Where: 

 

 g(c) = the mass volume gas concentration e.g. mg N2O – g/L enclosure 

g(v) = the volume/volume concentration, also called the mixing ratio (trace gas concentration 

expressed as parts per million by volume e.g. µl N2O l
-1

 enclosure. 

M = molar mass of the measured gas (g mol
-1

) 

P= barometric pressure, in this study it was expressed as 1 atm. 

R = the universal gas constant (0.0820575 L atm
◦
Kmole). 
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T=air temperature at the time of sampling in 
◦
K (

◦
K=

◦
C+273.15). 

 

These converted gas concentrations values were then used to calculate the fluxes. Because 

only two measurements were used, it was assumed that the flux g(f) was constant and that the 

concentration (C) increased linearly over the 30 minutes (t). 

 

Equation 4.2 was used to calculate the fluxes. 

𝑔(𝑓) =
V x C

A
                                                                           (Eq. 4.2) 

Where: 

g(f) = gas flux as mass m
-2

hr
-1

, e.g. mg N2O-N m
-2

hr
-1

, 

V= the internal volume of the enclosure (chamber headspace) in m
3
, 

A = the soil area covered by the enclosure in m
2
, 

C = change in gas concentration over time expressed as mass m
-3

hr
-1

, e.g. mg CO2-Cm
-3

hr
-1

. 

 

The units used in this analysis were: 

N2O =mg N2O-N m
-2

hr
-1

 

CH4 = mg CH4-C m
-2

hr
-1

 

CO2- mg CO2-C m
-2

hr
-1

 

 

 

4.2.7 Statistical analysis 

Statistical analysis was performed to determine flux differences between treatments and 

measurement day following irrigation using the General Linear Mixed Models (GLMM) in 

Genstat software for Windows (release 16). The fixed models incorporated (i) treatment 

(untreated/effluent only/irrigated only/effluent and irrigation), (ii) measurement day after 

irrigation event (2
nd

/6
th

/10
th

/15
th

), (iii) treatment.measurement day interaction and (iv) 

earthworm measurements (A. caliginosa/L. rubellus/EW density/EW biomass) as fixed 

factors. To account for the hierarchical structure of the experimental design and lack of 
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independence between SMSs of the same paddock, I incorporated a random model of nested 

levels for Property/Paddock/SMS (See Chapter 2 for a fuller description of the statistical 

rationale deployed).  

Preliminary models were constructed and residuals inspected to check for heteroscedasticity 

and to ensure that the residuals were distributed evenly around the predicted means. The 

significance of predictor variables were assessed by Wald’s tests and each model’s predicted 

Maximum Likelihood Means were displayed in all tables. In the modelling, N2O and CH4 

fluxes were not normally distributed and transformation was necessary. N2O fluxes were 

transformed to log base 10 while CH4 fluxes were natural log transformed. The predicted 

transformed data were back transformed for reporting but the p-values reported reflect the 

tests done on the transformed data.  

 

4.3 Results 

4.3.1 Gas flux patterns and soil management 

GHG fluxes were calculated based on the rate of change in gas concentrations inside the 

chamber head space, and followed the micrometeorological convention where positive fluxes 

are directed to the atmosphere and negative to the soil. In general, CO2, N2O and CH4 fluxes 

showed the expected spatial variability in response to land treatment and significant 

differences were observed for all gas fluxes for soil treatment (Table 4.4, Figure 4.3, 4.5 

&4.7). The highest CO2 emission (14.49 mg CO2-C m
-2

hr
-1

) was observed at irrigated only 

sites with the lowest, 4.38 mg CO2-C m
-2

hr
-1

 recorded from effluent only sites (Table 4.4, 

Figure 4.3). In contrast, the highest N2O fluxes were emitted from effluent only sites (0.0121 

mg N2O-N m
-2

hr
-1

) with the untreated sites recording the lowest, 0.007 mg N2O-N m
-2

hr
-1 

(Table 4.4, Figure 4.5). However, CH4 emission rates varied considerably showing  

differences of between -846.6% to -2973% between soil treatment sites with the highest mean 

uptake measured at effluent and irrigated sites ( -0.0718 mg CH4-C m
-2

hr
-1

) while the 

untreated site was a weak CH4 source, 0.0025 mg CH4-C m
-2

hr
-1

 (Table 4.4, Figure 4.7). This 

indicated that effluent and water additions to land significantly influence soil microbial 

activities that influence these emissions. 
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4.3.2 Gas flux patterns for treatment levels following soil wetting  

Over the course of the experiment, CO2 and N2O fluxes were mostly positive at all the 

treatment sites indicating a source for atmospheric GHG. Although both positive and 

negative CH4 flux measurements were observed, soils generally acted as sinks for CH4 

throughout the measurement period. The influence of soil wetting was felt throughout the 

experiment for N2O, but only by the 10
th

 day after the irrigation event for CO2. For CH4, the 

influence was greatest by the 6
th

 day of soil wetting, after which the effect diminished (Table 

4.5). 

Although a pattern was visible in CO2 and CH4 fluxes (Table 4.3, Figure 4.2, Figure 4.6), no 

obvious trend was identified following soil wetting in irrigation and effluent and irrigation 

only sites. There was no significant “treatment and day of sampling after soil wetting” 

interaction impact (p=0.067 for CO2 and p=0.446 for CH4) for these gases. Soil wetting 

enhanced the soil sink capacity for CH4 in irrigation only and effluent and irrigation treated 

sites. The sink capacity of soils was highest in the 6
th

 day of sampling (-105.7% in irrigation 

only and -165.1% in effluent and irrigation) compared with that measured on the 2
nd

 day after 

soil wetting. The fluxes continued to fluctuate around these values (reducing by 9.1% in 

irrigation only and by only 0.5% in effluent and irrigated treatment sites) up to the 10
th

 day 

after wetting before dropping by 19.4% and 24.5% by the 15
th

 day respectively (Table 4.3, 

Figure 4.7).  

On the other hand, CO2 fluxes dropped marginally after soil wetting (-13.4% between the 2
nd

 

and 6
th 

following soil wetting) in the effluent and irrigation treated sites before increasing to 

the peak flux observed on the 10
th

 day and then slightly dropping by -17.3% by the 15
th

 day 

as the soils were drying (Table 4.3, Figure 4.2). However, in irrigation only treatment, there 

was a marginal increase (6.0%) between the 2
nd

 and 6
th

 day after soil wetting, peaking on the 

10
th

 day before dropping by -7.9% on the 15
th

 day (Table 4.3, Figure 4.2). 

These flux changes were not large enough to trigger significant differences for the interaction 

between treatment and days since the irrigation event (Table 4.3, Figure 4.2, 4.6). 

However, there was significant difference (p=0.052) for N2O, indicating that addition of 

water to soil show a wider variation of N2O emissions relative to soil wetting and drying 

(Table 4.3, Figure 4.4). After soil wetting, N2O fluxes in irrigation only treated sites steadily 
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increased by 80.2% between the 2
nd

 and 6
th

 day of irrigation, before dropping by half (-

52.1%) on the 10
th

 day and another -32.9% by the 15
th

 day after soil wetting (Table 4.3, 

Figure 4.4). The increase in effluent and irrigated sites was not as pronounced showing only a 

16.7% increase between the 2
nd

 and 6
th

 day after soil wetting then dropping by -27.0% on the 

10 day and another -16.3% by the 15
th

 day of soil wetting (Table 4.3, Figure 4.4). 

The temporal heterogeneity was small and almost constant over the time of the experiment 

for untreated and effluent only treated sites for CO2 and N2O (Table 4.3, Figure 4.2, 4.4). 

However, CH4 fluxes were more variable in the untreated and effluent only sites, ranging 

from lowest fluxes of 0.0103 mg CH4-C m
-2

hr
-1 

to -0.0106 mg CH4-C m
-2

hr
-1

 for untreated 

sites; and from -0.0149 mg CH4-C m
-2

hr
-1 

to -0.0233 mg CH4-C m
-2

hr
-1

 for effluent only 

treated sites (Table 4.3, Figure 4.6). It is worth noting that untreated and effluent only sites 

did not have water added and therefore moisture content variability was relatively uniform 

while effluent had been applied at least 25 days prior to sampling. 

These observations indicate that the three GHG fluxes respond differently to different 

processes at different spatial scales.  

 

4.3.3 Changes in earthworm numbers after soil wetting 

Untreated sites had the lowest density and biomass of earthworms, followed by effluent only 

and then irrigation only sites while effluent and irrigated sites had the highest p=0.001) 

(Table 4.5, Table 4.6) confirming findings presented in chapter 2. 
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Table 4.3 Soil and atmosphere mean chamber CO2, N2O and CH4 treatment fluxes and p-values for the interaction of treatment and day sampling 

after soil wetting during the 17 day irrigation cycles was done on the 2
nd

,6
th

, 10
th

 and 15
th

 days. 

Gas flux Treatment Sampling day after irrigation Predictor p-values 

2nd 6th 10th 15th se Treatment Sampling Treatment & 

sampling  

CO2 

(mg CO2-C m
-2

 hr
-1

) 

Untreated 9.1380 8.5780 

(-6.1)* 

8.6630 

(1.0)* 

8.7560 

(1.1)* 

1.1401 <0.001 0.138 0.067 

Effluent Only 4.2430 4.6580 

(9.8)* 

4.3610 

(-6.4)* 

4.2390 

(-2.8)* 

Irrigation only 12.1450 

 

12.8680 

(6.0)* 

17.1580 

(33.3)* 

15.8070 

(-7.9)* 

Effluent and 

Irrigation  

12.1030 

 

10.4780 

(-13.4)* 

12.6090 

(20.3)* 

10.4230 

(-17.3)* 

N2O 

(mg N2O-N m
-2

 hr
-1

) 

Untreated 0.0070 0.0072 

(2.9)* 

0.0065 

(-9.7)* 

0.0072 

(10.8)* 

0.0012 0.043 0.012 0.052 

Effluent Only 0.0122 0.0119 

(-2.5)* 

0.0132 

(10.9)* 

0.0112 

(-15.1)* 

Irrigation only 0.0081 0.0146 

(80.2)* 

0.0070 

(-52.1)* 

0.0047 

(-32.9)* 

Irrigation and 

effluent 

0.0108 

 

0.0126 

(16.7)* 

0.0092 

(-27.0)* 

0.0077 

(-16.3) 

CH4 

(mg CH4-C m
-2

 hr
-1

)  

Untreated -0.0047 -0.0106 

(-125.5)* 

0.006 

(156.6)* 

0.0103 

(71.7)* 

0.0112 <0.001 0.009 0.446 

Effluent Only -0.0149 -0.0150 

(-0.8)* 

-0.0214 

(-42.7)* 

-0.0233 

(-8.9)* 

Irrigation only -0.0350 -0.0720 

(-105.7)* 

-0.0654 

(9.1)* 

-0.0527 

(19.4)* 

Effluent and 

Irrigation  

-0.0347 -0.0920 

(-165.1)* 

-0.0915 

(0.5)* 

-0.0691 

(24.5)* 

*Numbers in brackets show the percentage change from the previous fluxes (sign signifies direction of change) 
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Table 4.4 Soil and atmosphere mean chamber CO2, N2O and CH4 treatment fluxes and p-values for the main effects of treatment and day. 

 Treatment 

Gas flux Untreated Effluent 

Only 

Irrigation 

only 

Effluent and 

Irrigation 

se p 

CO2  (mg CO2-C m
-2

 hr
-1

) 8.7838 4.3753 

(-50.0)
 †

 

14.4945 

(65.1)
 †

 

11.4033 

(29.8)
 †

 

1.0440 <0.001 

N2O (mg N2O-N m
-2

 hr
-1

) 0.0070 0.0121 

(72.8)
 †

 

0.0086 

(22.8)
 †

 

0.0101 

(44.2)
 †

 

0.0010 0.044 

CH4 (mg CH4 C m
-2

 hr
-1

) 0.0025 -0.0186 

(-846.6)
 †

 

-0.0563 

(-2351.2)
 †

 

-0.0718 

(-2973.2)
 †

 

0.0060 <0.001 

 Sampling day after soil wetting 

Gas flux 2nd 6th  10th  15th  se p 

CO2  (mg CO2-C m
-2

 hr
-1

) 9.4075 9.1455 

(-2.8)* 

10.6978 

(17.0)* 

9.8063 

(-8.3)* 

1.0090 0.138 

N2O (mg N2O-N m
-2

 hr
-1

) 0.0095 0.0116 

(22.4)* 

0.0090 

(-22.6)* 

0.0077 

(-14.4)* 

0.0007 0.012 

CH4 (mg CH4 C m
-2

 hr
-1

) -0.0223 -0.0477 

(-113.9)* 

-0.0421 

(11.7)* 

-0.0337 

(20.0)* 

0.0040 0.023 

†
 Numbers in brackets show percentage change from the fluxes recorded from the untreated ‘control’ sites (sign signifies direction of change) 

* Numbers in brackets show the percentage change from the previous flux (sign signifies direction of change) 
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Figure 4.2 CO2 fluxes from dairy pastures after soil wetting for days 2, 6, 10 and 15 (the error 

bars here and in all subsequent graphs show ± 2 x SEs (an approximation to 95% confidence 

intervals).  

 

 

 

 

Figure 4.3 CO2 fluxes from dairy pastures for treatment and sampling day after irrigation 
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Figure 4.4 N2O fluxes from dairy pastures after irrigation for the 2
nd

, 6
th

, 10
th

 and 15
th

 day.   

 

 

 

 
Figure 4.5 N2O fluxes from dairy pastures for the main effect of treatment and sampling day. 
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Figure 4.6 CH4 fluxes from dairy pastures after soil wetting for days 2, 6, 10 and 15 of the 17 

day irrigation cycle.   

 

 

 

 
Figure 4.7 CH4 fluxes from dairy pastures for treatment and sampling day after irrigation. 
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Table 4.5 Mean earthworm measurements and p-values for the interaction of treatment and day of sampling after soil wetting during the 17 day 

irrigation cycles.  

Earthworm Measurement Treatment Days after an irrigation event Predictor p-values 

2nd  6th  10th  15th  se Treatment Days after 

irrigation 

Treatment & days after 

irrigation interaction 

A.  caliginosa (worms m
-2

) Untreated 182 221 274 208 44 

<0.001 0.427 0.203 
Effluent Only 250 262 315 259  

Irrigation Only 426 373 444 314  

Effluent & Irrigation  410 466 471 548  

L. rubellus (worms m
-2

) Untreated 57 17 58 53 21 

<0.001 0.032 0.048 

Effluent Only 53 85 118 104  

Irrigation Only 128 134 146 134  

Effluent & Irrigation 172 188 191 290  

EW Density (worms m
-2

)  Untreated 240 286 382 294 52 

<0.001 0.116 0.039 

Effluent Only 360 369 482 408  

Irrigation Only 573 523 598 456  

Effluent & Irrigation 599 658 690 860  

Biomass (g m
-2

) Untreated  120.8 64.4 87.8 78.8 17.9 

<0.001 0.570 0.790 
Effluent Only 224.8 167.6 187.3 218.2  

Irrigation Only 180.4 155.4 178.6 158.3  

Effluent & Irrigation 205.3 212.7 232.1 199.2  
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Table 4.6 Mean earthworm measurements and treatment p-vales for the main effects of treatment and sampling day after soil wetting during the 

17 day irrigation cycles.  

 Treatment Days after an irrigation event 

Earthworm measurement Untreated Effluent 

Only 

Irrigation 

only 

Effluent & 

Irrigation 

se p 2
nd

 6
th
  10

th
 15

th
 se p 

Total EW Density (Worms m
-2

) 301 405 537 702 29 <0.001 443 459 538 505 34 0.116 

Total EW Biomass (g m
-2

) 88.0 199.5 168.2 212.3 9.3 <0.001 182.8 150.0 171.5 163.6 11.4 0.570 

A. caliginosa (Worms m
-2

) 221 271 389 474 28 <0.001 317 331 376 332 30 0.427 

L. rubellus (Worms m
-2

) 44 90 135 210 12 <0.001 98 107 128 145 14 0.032 
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 4.3.4 Are emissions higher where there are more earthworms? 

More complex GLMM models were built to explore the same soil response variables for gas 

emissions but with earthworms (EW), treatment, days since soil wetting (Days) and the 

interaction between treatment and Days: i.e. the GLMMs were of the form: 

Gas flux  Treatment + Days + treatment.Days since wetting + EW  

These were designed to test whether gas fluxes varied for a given level of earthworms in the 

treatments (Objective 4), whereas the preceding models simply tested for independent 

responses for gas fluxes. The full set of model coefficients and constants are given in Table 

4.7).  

Overall, the analysis showed no evidence that the important gas flux changes were associated 

with a variations in earthworm abundance and biomass measures between SMSs (Table 4.7). 

 

 

 4.4 Discussion 

4.4.1 Methodological constraints when interpreting my findings 

Despite the inherent variability in soil gas fluxes, the statistical models used in this study had 

good explanatory power and detected significant differences within paddock treatments and 

between farms (Tables 4.3 – 4.7). However, caution is needed when interpreting the results 

reported in this study as it only offered a quasi-experiment rather than formal experimental 

treatment comparisons. The observed patterns may have been conditioned by the experiment 

design with studied paddocks exhibiting unique features that created dry patches within them. 

This may have added variation from the rest of the paddock. Furthermore, fluxes may have 

varied from farm to farm depending on individual farmer management. I have attempted to 

minimise the disruption from the above effects by using a hierarchal and nested sampling 

design within the study farms, paddocks and blocking the variance within the REML models 

to account for the lack of independence between nearby SMSs. However, the main constraint 

in interpreting these results is that the study was only able to replicate the GHG flux measures 
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through one wetting and drying cycle and at one time of the year.  Follow-up work is needed 

through several such cycles before the potential effects of previous and current weather 

(especially rainfall and temperature) and seasonal cycles on microbial abundance and activity 

can be ruled out or counted in as potentially important influences on GHG fluxes.  

 

4.4.2 Overall changes in soil gas fluxes 

Soils were net sources of CO2 and N2O emissions, as seen in earlier studies (de Klein et al., 

2003).  Apart from few untreated sites, they were also net sinks for CH4. Important 

differences over the dry/wet cycles were found for N2O, but not for CO2 and CH4. As 

anticipated, the three GHG fluxes were highly variable between differently treated sites. 

Highest mean CO2 fluxes were measured at the irrigation only sites with the lowest on 

effluent only treated sites, while those for N2O were observed at effluent only sites with the 

lowest at the untreated sites. In contrast, highest uptake rates of CH4 were measured at the 

effluent and irrigation sites while the untreated sites were weak sources. Generally, CO2 

fluxes measured at the untreated (dry) sites and on treatment SMS once they are nearly dry 

again (15 days after wetting) had significantly reduced emissions. This effect is already 

described in literature and is probably caused by a reduction of microbial activity (De Nobili 

et al., 2006) or that death of microbes due to water stress (Bottner, 1985). These significant 

gas flux differences illustrate the significance of soil management in influencing soil 

microbial activity in managed grasslands and underscore the importance of irrigation (water) 

in regulating soil microbial activity.  
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Table 4.7 Predictor parameter values in GLMMs to predict gas fluxes from the interaction 

of soil treatment and day of sampling after the irrigation event  

Treatment Soil 

property  

CO2 

(mg CO2C m
-2

 hr
-1

) 

N2O  

(mg N2O-N m
-2

 hr
-1

) 

CH4  

(mg CH4-C m
-2

 hr
-1

) 

Transformation used Untransformed Log base 10 Natural log 

 Constant 4.42300 0.01220 -0.01485 

se 1.76140 0.00675 0.02553 

S
o

il
 t

re
at

m
en

t 
 

Effluent only 0.00000 0.00000 0.00000 

Untreated 4.89500*** -0.33990* 0.01020*** 

Irrigation only 7.90200*** -0.16140* -0.02013*** 

Effluent and 

irrigation 

7.86000*** -0.13960* -0.01982*** 

 se 1.92200 0.15490 0.02731 

S
am

p
li

n
g
 

d
ay

 

af
te

r 
so

il
  

w
et

ti
n
g
 

2nd 0.00000 0.00000 0.00000 

6th 1.41480 -1.07700** -0.00013* 

10th 0.11830 -0.17550** -0.00651* 

15th -0.00360 -0.13350** -0.00911* 

se 1.97400 0.14620 0.02995 

L
an

d
 t

re
at

m
en

t 
an

d
 d

ay
 o

f 
sa

m
p
li

n
g
 i

n
te

ra
ct

io
n

 

 
E

ff
lu

en
t 

o
n
ly

 

2nd 0.00000 0.00000 0.00000 

6th 0.00000 0.00000 0.00000 

10th 0.00000 0.00000 0.00000 

15th 0.00000 0.00000 0.00000 

U
n
tr

ea
te

d
 2nd 0.00000 0.00000 0.00000 

6th -0.37800 0.12404* -0.00582 

10th -0.59300 0.02195* 0.01172 

15th -0.02600 0.18840* 0.02409 

Ir
ri

g
at

io
n
 

o
n
ly

  

2nd 0.00000 0.00000 0.00000 

6th -0.69121 0.27842* -0.05691 

10th -0.69100 0.16590* -0.03246 

15th 4.66500 -0.21766* -0.01859 

E
ff

lu
en

t 
an

d
 

ir
ri

g
at

io
n
 

2nd 0.00000 0.00000 0.00000 

6th -3.04000 0.17544* -0.05715 

10th 0.38700 0.10800* -0.05027 

15th -0.67700 -0.01274* -0.05526 

se 2.62800 0.17270 0.03514 

E
ar

th
w

o
rm

s 

 A. caliginosa -0.00103 0.00006 0.00001 

se 0.00195 0.00012 0.00002 

L. rubellus 0.00154 0.00020 -0.00008 

se 0.00403 0.00027 0.00006 

Parameter values are significance at ***p<0.001, **p<0.01 and *p<0.05 from REML Genstat 

model. 
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There is no consistent picture reported so far in the literature about changes in N2O and 

CH4 fluxes in continuous soil wetting and drying cycles. However, it is expected that the 

initial fluxes die off with subsequent wetting (Muhr et al., 2008). This study explicitly 

investigated this aspect and found significant differences for N2O. The highest N2O 

emissions were observed in the 6
th

 day after soil wetting, when they were 16.7%  higher 

than observed on the 2
nd

 day, for effluent and irrigation soil treated soils and 80.2% higher 

for irrigation only treated sites (Table 4.3).  These large variations in N2O fluxes appear to 

the result from the short term variation in soil moisture and are presumably driven by 

changes in soil microbial activity in response to soil wetting and drying (Table 4.1). This 

observation supports the study’s overall conclusion that the effects of irrigation are 

dominating the GHG flux variability. 

As the soils were drying, the sampling on the 6
th

 day after irrigation may have likely 

captured a ‘hot’ period as N2O emissions peaked on the 6
th

 day. The lag immediately 

following soil wetting may have been caused by strict anaerobic conditions immediately 

after irrigation (photo 4.2) that filled all pore spaces thereby reducing the intermediate N2O 

in denitrification to N2 (Equation 4.3; (Huang et al., 2007).   

NO3
−
 → NO2

−
 → NO + N2O → N2 (g)                                                (Eq. 4.3) 

 

Reduced soil microbial activity and respiration rates when water pools above the surface 

(e.g. in Photograph 4.1) have also been reported by Chimmer & Cooper, (2003). However, 

as the soil dried out after the 6
th

 day since soaking, it seems that N mineralisation was 

reducing, leading to declines in the production of N2O. 

In contrast, the expected alterations of fluxes associated with soil wetting were not 

observed for CO2 and CH4. Although similar trends were observed for CO2 (Figure 4.2, 

Figure 4.6), these changes were not formally significant (p=0.067) and there was no 

evidence whatever that the flux of CH4 changed (p=0.446). The regular irrigation events 

(approximately every 17 days) may have suppressed the conditions observed in the soil 

subjected to  long dry spells (such as changes in SOM from substrates that may have died 

during dry periods) which have been associated with significantly higher emissions in 

initial soil wetting (Xu et al., 2004; Joos et al., 2010; Unger et al., 2010). Moreover, 
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constantly moist soil do not exhibit these flushes (Chowdhury et al., 2011) suggesting that 

soil microbes may have adapted to the drying-wetting conditions. The observation for CO2 

and CH4 is in agreement with other research findings where emission fluxes recede in 

subsequent soil wetting events (Muhr et al., 2008).  

Surprisingly, N2O fluxes continued to show flushes on subsequent soil wetting suggesting 

that the rewetting and drying cycles did not have a permanent effect on soil microbial 

activity. The fact that pulses were observed on rewetting emphasise this view as extra 

fluxes were evolved on the rewetting event. However, it is unlikely that formerly 

unavailable substrate was made available by continuous wetting but that soil microbes 

utilised substrate that was already available following rewetting. If this is what happens, 

then the pulses observed were simply controlled by water availability and not influenced 

by release of extra GHG during rewetting, explaining the role of irrigation as a major 

environmental driver for soil microbial activity. The lack of an observable trend in effluent 

only treated sites can be attributed to the fact that the last effluent application was more 

than three weeks prior to sampling, may have removed the immediate influence of 

effluent. The lack of any observable trend in the untreated sites affirms the importance of 

water in the whole process (Table 4.1, Figure 4.2, 4.4, & 4.6). 

The results also corroborate the importance of irrigation in sustaining soil biota, 

specifically in this study the microbes and earthworms; in chapter 2 it was found that water 

addition to land had a larger impact on earthworms by significantly increasing their 

numbers and weight as compared to effluent. However, unlike for earthworms where the 

effects of adding water and effluent together appeared to be additive, this investigation, 

each gas flux differs with land treatment. For example the effluent only treated sites 

recorded the lowest CO2 emissions while the highest N2O emissions were recorded on the 

same sites (Table 4.4). Moreover, irrigation water on its own exerted a larger effect on the 

emission rates of N2O and CH4 than did effluent alone (Table 4.3). This suggests that there 

is no interdependent effect of having both effluent and water added together for the three 

GHG emissions.  
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4.4.3 Changes in CO2 fluxes 

CO2 emission patterns (Table 4.3 & 4.4) appeared to be associated with the level of 

organic additions as effluent-only sites emitted less CO2 compared with untreated sites 

while effluent and irrigation sites emitted less compared to irrigation only sites. However, 

the same sites had the highest N2O emission rates suggesting that effluent application may 

contribute to CO2 mitigation but simultaneously enhance N2O emissions that might reduce 

or offset any positive effect of enhanced carbon sequestration. The different fluxes 

observed for CO2 in sites according to soil treatment indicate that CO2 emissions were 

determined by the long-term soil management practices rather than the short term 

processes and that soil microbes may have adapted to the drying-wetting conditions. 

Actually, water addition did not cause significant differences for CO2 over the irrigation 

cycle. The observed pattern may have been caused by physical mechanisms like water 

infiltration, reduced or increased gas diffusion into the penetrating water or soil pore 

spaces, or water displacing the gas. For example, the small percentage increase (only 

6.0%) for irrigated only sites and the small decrease (-13.4%, instead of the expected 

increase) in effluent and irrigation treated sites measured on the 2
nd

 and 6
th

 days after soil 

wetting respectively emphasize this conclusion. 

 

4.4.4 Changes in N2O fluxes 

This study confirmed previous research that effluent and water additions to land promote 

N2O emissions but also suggests that irrigation increases N2O emissions in the longer term 

both with and without effluent additions. However, the highest N2O fluxes were emitted 

from effluent only sites corroborating other New Zealand N2O emission studies (Barton 

and Schipper, 2001; Saggar et al., 2004; Bhandral et al., 2007), although other studies have 

also linked the same with the use of nitrogenous fertilizers (Mosier et al., 1998; Luo et al., 

1999). Yet others link increased N2O emissions with enhanced pasture productivity 

following fertilization (Matson et al., 1996) illustrating the importance of available 

reactive nitrogen compounds for N2O release.  

The effluent might have contained readily oxidisable C and sufficient mineralizable N 

(high NH4
+
 concentration) (Table 3) that activated soil denitrifiers to influence these 
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emissions. Here, NH4
+
 is oxidised to NH2OH with the reduction of oxygen and then 

NH2OH is oxidised to NO2
- 
which is subsequently reduced to N2O and N2 under aerobic or 

suboxic conditions (Wrage et al., 2001; Shaw et al., 2006; Kool et al., 2011). As these 

processes occur when the soil is between 35% and 60% water filled pore space (WFPS) 

(Bateman and Baggs, 2005) it would be a major factor in this observation as effluent is 

added as slurry, i.e. it contains a considerable amount of water but the exceedingly smaller 

quantities of water.  

Since regular effluent additions reflect additional nutrients to soil (Table 3.1), it was 

expected that effluent sites will produce more N2O than in continuously flooded soils 

regardless of effluent incorporation. However, this expectation and the observation that the 

untreated sites had the lowest N2O fluxes, contrast with other findings which report lower 

N2O emissions in higher carbon environments (Firestone et al., 1980; Weier et al., 1993).  

Since this study was carried out at varying periods following effluent dispersal (25-75 

days) the persistence of dairy effluent in emitting N2O long after its application was 

demonstrated. These findings, where N2O fluxes not only varied greatly between sites but 

also within the days of the dry/wet cycle, underline the challenge of predicting N2O fluxes 

from irrigation and effluent management regimes. Nonetheless, the observation of peak 

N2O emissions coinciding with peak CH4 assimilation occurring under irrigation and 

effluent, and irrigation treatments can offer trade-off opportunities for reduced net GHG 

emissions. Further studies to determine this relationship would be warranted. 

 

4.4.5 Changes in CH4 fluxes 

Apart from the untreated sites, the study consistently showed soils providing a sink for 

CH4 which is supported by other studies in grasslands (Mosier et al., 1997; Liebig et al., 

2010). As does N2O, CH4 fluxes involve redox processes (Saggar et al., 2004) and soil 

moisture changes that affect electron donors and acceptors can have significant 

implications on CH4 fluxes. The increased sink capacity of CH4 in irrigation treatments 

(irrigation only, and effluent and irrigation) may have been stimulated by water soluble 

carbon substrates in the soil with methanotrophs using them as acceptors (Zsolnay and 

Gorlitz, 1994). Continuous water additions create anaerobic conditions that favor CH4 

assimilation while reducing aerobic respiration (Davidson et al., 2000) and therefore 
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inhibiting denitrification process. On the other hand, the reduced CH4 assimilation in 

untreated sites may have been caused by moisture stress which limited the soil’s CH4 sink 

ability (Borken and Beese, 2006). However, CH4 fluxes are complicated as soil wetting 

has been reported to either increase or decrease a soil CH4 sink capacity (Davidson et al., 

2004).  

 

4.4.6 Relationship between earthworms and GHG fluxes 

Although higher emissions were expected where there were more earthworms, this was not 

confirmed in this study. Many complex and mutual interdependent relationships between 

earthworms and soil microbes have been observed in many studies (Drake and Horn, 2006; 

Ayres et al., 2009; Lubbers et al., 2011; Lubbers et al., 2013). However, the lack of a 

predictive relationship between earthworm abundance and gas fluxes in the present study 

data does not necessarily mean it does not occur or that earthworms have some role in 

exacerbating or even reducing GHG emissions. The fact that earthworms were present in 

all treatments may have impacted this observation and extreme treatments - experiment 

with and without earthworms - would be ideal in such a comparison. 

 

4.4.7 Conclusions and future research priorities 

Amongst the GHGs considered in this study, CO2 is considered to have the main effect on 

global warming, followed by CH4 and then NO2 (Kiehl and Trenberth, 1997). Therefore 

the environmental impact of the moderate increases on CO2 observed with irrigation in my 

study (Figures 4.2 & 4.3) is of concern, especially since increases in irrigation are expected 

in New Zealand and throughout the world as part of ongoing intensification of agriculture. 

However the potential impact of increased CO2 emissions from soils will be partly 

counteracted by the sharp increase in absorption of CH4 by irrigated soils (Figures 4.6 & 

4.7). The previous analyses (Chapter 3) showed that irrigation and effluent dispersal 

retained more SOC than untreated pastures nearby (see Figure 3.3 and Table 3.6).  

The apparent suppression of CO2 associated with effluent dispersal cannot be confirmed 

until better replicated studies are reported. If so confirmed, it may provide promising leads 
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for soil management to reduce CO2 emissions for soils treated by traditional effluent and 

manure farming methods.  

The sustainability of New Zealand dairy systems requires increased productivity without 

an equivalent increase in mineralisation of SOM and therefore leaching of nutrients. This 

means that a decrease in mineralisation should not hinder pasture productivity even as it 

provides the ecosystem service of carbon sequestration. The application of organic 

fertilizers which are slow release and last longer may provide the solution for leaching and 

emission problems. Soil management should focus on improving N use efficiency to 

reduce its leaching, retain the nitrogen contained in animal excreta and urine for its use and 

apply appropriate amount of fertilizers and effluent in a timely manner to enhance crop 

uptake. In my next chapter, I discuss a seven-year comparative study of changes in soil 

quality on nine farms that converted to organic dairy production compared to changes 

observed on nine matched neighbouring farms that continued to farm conventionally.  
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Chapter 5: Effects of conversion to organic dairy farming on soil quality, 

earthworms and soil microbes in New Zealand  

Abstract 

Environmental degradation and consumer awareness is raising concerns about the 

sustainability and environmental impacts of conventional farming methods is leading to 

increased interest in organic farming for potentially more environmentally friendly food 

and fibre production. Improved soil quality and soil biota are expected from organic 

farming, but well replicated studies following transition in soils during conversion are 

needed lacking and needed to test predictions and the causes of any observed changes.   

This ‘Before-After-Control-Impact’ (BACI) experiment investigated changes in 

earthworms, microbes and soil quality indicators during the seven years following 

conversion of nine dairy farms to organic methods in 2005 in the Waikato, Taranaki and 

Manawatu regions of New Zealand. Changes seen on the converting group were compared 

with those seen on nine matched pairs which continued with conventional dairy farming 

methods. Conversion to organics did not affect most soil quality measures because they are 

determined mainly by soil type and structure. However it strongly affected a relatively 

secondary group of more labile soil quality features, especially those which are main 

components of soil fertilisers. Olsen phosphorus declined by 30% on organic farms and 

along with reducing availability of potassium and sulphur potentially threatens organic 

farming sustainability. I found no evidence that converting to organic farming resulted in 

increased soil organic carbon or nitrogen in the top 7.5 cm of soil, but it did result in a 9% 

reduction in bulk density which is likely to build farming resilience to drought. 

Earthworms increased but there was no significant change in soil microbes on organic 

farms. Microbial respiration and microbial quotient (an indicator of activity) were closely 

associated with soil quality, but there was no evidence of a link between earthworms and 

soil quality, nor between microbes and earthworms. Many changes in soil quality and biota 

were apparent on farms that chose to convert to organics even before the formal 

conversion process began.  This challenges whether many of the changes observed in other 

studies of farms that have already converted are indeed caused by organic the farming 

methods themselves. More long term studies, especially investigations of changes to the 

deeper layers of the soil, are needed before the broader implications of this study for 

sustainability can be a fully assessed.  
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5.1 Introduction 

Highly intensive agriculture feeds an increasing world population, but may be 

undermining the very ecosystem services on which it depends for efficient production of 

food and fibre (Millennium Assessment, 2005, Moller et al. 2008). Dairy farming is 

particularly intensive and has been blamed for the deteriorating agro-ecosystem health in 

New Zealand and abroad (Björklund et al., 1999; Hooda et al., 2000; Houlbrooke et al., 

2004; Brink et al., 2005; Van Calker et al., 2005; Arvanitoyannis and Giakoundis, 2006; 

Moller et al., 2008; Ribbe et al., 2008). Global climate change contributes to greenhouse 

gas emissions e.g. in New Zealand, agriculture contributes 88% of national emissions of 

methane and 96% nitrous oxide emissions (Ministry for the Environment, 2005). Intensive 

agriculture is increasingly dependent on continued supply of ecological subsidies 

(fertiliser, energy and water inputs) and technology which may threaten biodiversity and 

ecosystem services (PCA 2003, McLeod & Moller 2006).  Conventional agriculture 

depends heavily on continued supply of energy subsidies for fuel and on-farm technology 

and the manufacture of nitrogen and phosphorus fertilizers (Pimentel and Pimentel, 2007). 

It is particularly critical to maintain and restore soil quality to ensure long term 

sustainability of intensive agriculture (Lal, 2009c). 

Organic farming is potentially a more sustainable production system because it is based on 

renewable resources and management of biological and ecological processes (Lampkin 

and Padel, 1994). Organic agriculture promotes healthy agro-ecosystems primarily from 

avoiding synthetic fertiliser and pesticide applications; although a set of wider overarching 

“organic principles” encourage self-sufficient on-farm management practices as opposed 

to reliance on off-farm inputs. Organic farming purports to better support biodiversity, 

biological cycles and especially soil biological activity than does conventional farming.  

More nutrients are retained on organic farms, thereby reducing pollution of waterways. For 

example, a comparison of an organic and a conventional farm in Manawatu, New Zealand, 

concluded that nitrogen leaching from the organic farm was approximately halved because 

of lower farming intensity and reduced nitrogen inputs (Horne et al., 2008). Organic 

fertilizers have a positive impact on soil physical, chemical and biological quality (Lal, 

2010) and promote both below and above ground productivity (Doran and Parkin, 1994; 

Allen and Zink, 1998; Biederman and Whisenant, 2009). Strong relationships have been 

demonstrated between agronomic production and the soil organic carbon pool especially in 
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low fertilizer input systems (Lal, 2009a). Soil organic matter improvement strategies are 

therefore crucial in soil management programmes aimed at improving soil quality and 

increased production efficiency while simultaneously reducing climate change effects. 

Alteration of the soil ecosystem, including promotion of decomposers, is thought to have 

an effect on nutrient mineralisation and immobilisation processes impacting nutrient 

availability for plant growth (Jansson and Persson, 1982; Partsch et al., 2006). For plants 

to access nutrients from these organic sources, they must first undergo decomposition. 

Earthworms and soil microbes are essential for decomposition, nutrient mineralisation and 

immobilisation (Bloem et al., 1997; Nicolardot et al., 2001; Bradford et al., 2002a). 

Microbial biomass holds nutrients (Vanlauwe et al., 2004) and can play roles in nutrient 

loss (Turner and Haygarth, 2001). These processes affect the soil organic carbon pool and 

opportunities for carbon sequestration (Lal, 2004a; Lal, 2004c). Changes in the diversity, 

abundance and activity of earthworms and microbes are therefore expected to be important 

drivers of change in soil following organic conversion and potentially useful indicators for 

agricultural sustainability in general. 

Organic farming is increasingly gaining worldwide acceptance: a 2009 survey reported a 

38% increase of certified organic farmers since (Willer and Kilcher, 2009). Organic 

farming now accounts for almost two thirds of production from grassland (pastoral) 

agricultural land worldwide (Willer and Kilcher, 2009).  The same is happening in New 

Zealand where more dairy farms are converting to organic (Reider, 2007) and the 

country’s organic dairy exports grew by 33% from 2009 to 2012 (Cooper et al. 2012). 

Fonterra (New Zealand’s main dairy cooperative) has been producing and exporting 

organic dairy products since 2002. The company supports organic farmers by paying a 

20% price premium for fully certified organic milk. In 2004 and 2005, Fonterra 

accelerated recruitment of new organic milk suppliers by offering a 7% premium to help 

through the three-year conversion period before they became fully certified (Phillips et al., 

2006).  This study followed soil and soil biota changes before and after this incentivised 

conversion period to test whether the expected increases in soil quality were realised. 

Despite its increasing popularity, the sustainability and ecological claims of organic 

agriculture are often challenged.  The long-term sustainability of soil nutrient status under 

organic management has been challenged (Condron et al., 2000; Campbell et al., 2009). 

There is need for rigorous research to support these assertions and suggest scientific ways 
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of enhancing agricultural sustainability and farming efficiency. There have been several 

studies of comparing soils on already converted organic cf. conventional farms. This is not 

full experimental evidence that organic conversion causes changes in soils because it is 

possible that soils are already different amongst farmers that choose to go organic. I used a 

Before-After-Control-Impact (BACI) study design to follow the changes in soil quality, 

earthworms and microbial activity on 18 farms between 2005 and 2012.  Nine of the farms 

converted to organics and nine matched conventional farms remained as conventional 

dairy farmers.  This is one of few studies that seek test whether the act of converting lead 

to organic farming actually triggers increased soil quality and biota.  

Organic soil inputs are expected to increase soil quality through several direct effects, so 

this study predicted that soil quality will have increased on organic farms compared to 

their conventional counterparts (Hypothesis 1). It was also predicted that converting to 

organic will increase the density, biomass and activity of earthworms and microbes, partly 

by reducing the toxic impacts of artificial fertilisers on earthworms and partly by 

increasing organic matter (Hypothesis 2). As earthworms and soil microbes have a 

generally positive impact on soil quality (Syers and Springett, 1984b; Perkins, 2003; 

Edwards, 2004b), it was predicted that earthworm and soil microbe abundance and 

biomass will be positively associated with increased nutrient pools in soils (Hypothesis 3).  

Changing to organic farming methods may trigger a myriad of soil system effects.  If so, 

the relationship between soil quality and earthworm and microbial abundance could 

change as soils shift from conventional to organic management (Hypothesis 4). All these 

predictions assume that seven years is enough for soil quality indicators and soil biota 

changes to emerge after conversion to organic farming methods. This chapter ends by 

considering the implications of these hypothesis tests for overall soil sustainability in 

organic farming practices.  

 

5.2 Methods 

5.2.1 Study are and selection of study farms  

Study farms were selected from Fonterra’s assisted conversion scheme in the Waikato, 

Taranaki and Manawatu areas of North Island, New Zealand (Figure 5.1). Experimental 
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farms were allocated into 12 pairs (a pair comprised two nearby farms, of which was  

“converting” to organic (referred to in this thesis as ‘organic’), the other a reference farm 

that continued farming in a ‘conventional’ (not organic) way throughout the study.  Farms 

within each pair were between 2 and 10 km apart, had similar land forms, soil type and 

climatic conditions.  The ‘organic’ farms complied with the Certification Standards of 

either BioGro New Zealand
8
 or AsureQuality New Zealand

9
. Organic farms did not apply 

nitrogen and used rock phosphate to fertilise soils and did not apply pesticides or medicate 

animals with antibiotics. All conventional farms used urea (nitrogen) and superphosphate 

fertilisers during my study period. Some also applied antibiotics and synthetic insecticide 

or herbicides (Phillips et al., 2006). 

5.2.2 Before-After-Control-Impact study design 

ARGOS designed this experiment based on the “Before-After-Control-Impact” (BACI) 

strategy (Smith et al., 1993; Conquest, 2000; Morrison et al., 2001) to test soil quality 

changes resulting after conversion to organic farming methods. Other studies of the impact 

of organic conversion have compared neighbouring farms (Nguyen et al., 1995; Kitchen et 

al., 2003) but an important difference in my study was the longitudinal (time series) 

comparison over the conversion period. My design provides a stronger test of the “impact” 

(in this case, conversion to organic farming was the experimental effect) by testing 

whether the experimental farms changed through time (‘before’ vs. ‘after’) relative to each 

other. The significance of the time x treatment interaction terms in the repeated 

measurements is therefore the key test of the overall impact of conversion. 

 

 

                                                           
8
  http://www.biogro.co.nz/    

9
 http://www.asurequality.co.nz/  

http://www.biogro.co.nz/
http://www.asurequality.co.nz/
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Figure 5.1 Map showing the location of sampled farms and distance between farm pairs. 

Adapted from (Campbell et al., 2012) 

 

 

 

This emphasis on testing the interaction effect rather than main effects (Organic vs. 

Conventional or Before vs. After) avoids the complication that each individual farm or 

group (organic cf. conventional) may already have had different soil qualities before 

conversion took place. The repeated measures approach can also better accommodate 

inter-annual variation in soil quality and soil biota measures by focussing on whether 

converting farms fluctuate in parallel, converge or diverge (Figure 2.11).   The close 

pairing of farms also weeds out a lot of the disruptive effects of local ecology, and 

accounts for high variability of individual farms (Moller, 2004b). Tracking nine pairs over 

the same period minimises the disruptive statistical effects of year-to-year variations in soil 

quality due to weather.  
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5.2.3 Soil sampling and earthworm sampling 

Sampling was carried out at fixed Soil Monitoring Sites (SMSs) in 2005 (the year that half 

the farms began organic production methods); and again in 2011.  SMSs were fixed to 

better test changes in soil quality through the conversion period. Each of these samples is 

referred to as ‘Before’ and ‘After’ in the remainder of this thesis.  Sampling was carried 

out on the same day (for each pairs of flat farms), or successive days (for each pair of hill 

country farms, which took longer to sample). 

Within each pair,  sampling in the selected farms was stratified to dominant ‘land forms’  

(river terrace ‘flat’, ‘hill crest’ and ‘slope’) to help control for landscape variation in soil 

parameters (Moller et al., 2005). This meant that the combined soil samples may not be 

immediately representative of each whole farm, but it strengthened my ability to compare 

across the farming systems and to detect trends in successive measurements.  

As farmers manage their farms in separate paddocks, three paddocks were selected in flat 

farms and three paddocks within each of the two most extensive ‘land forms’ (flat, slope or 

crest) occurring in each pair of hilly farms. Paddocks that exhibited unusual land uses 

within the farm (like airstrips and silage paddocks) were excluded. Within each selected 

paddock, three SMSs were randomly selected for actual soil sampling and their GPS 

locations recorded for subsequent sampling. This was meant to accommodate for soil 

sample variability even within a small area and to achieve reliability from random noise 

this variability can generate.  

SMSs had to be more than 5 metres from fences and at least 30 metres away from trees, 

troughs, swamps and gateways – these restrictions were imposed to minimise the variance 

in soil quality measures caused by unusual and artificial concentrations of stock or 

ecological influences. In paddocks that exhibited more than one land form, SMSs were 

selected from the most extensive land form.  Each was defined as a 15 m x 15 m square 

centred on a randomly selected co-ordinate. 

Three types of sampling were carried out at within the 15 m square of each SMS: 

1. Two sets of samples, each consisting of 10 ‘core samples’ obtained to the depth of 

7.5 cm were gathered from each SMS. This is the standard depth for New Zealand 
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pasture soil sampling (Cornforth and Sinclair, 1984; Hill and Sparling, 2009). In 

the laboratory, one set was used for soil chemical analysis, and the other for 

microbial assays. 

  

2. Earthworms at each SMS were extracted from a 15 x 15 cm surface area to the 

depth of 20 cm following the standard protocols used by (Shepherd, 2009). Care 

was taken to cut the hole with vertical sides using a spade so the results can be 

expressed as density (numbers m
-2

) and biomass (g m
-2

). The soil and vegetation 

extracted from the pit was placed onto a plastic sheet and searched for earthworms 

by sorting and crumbling the soil matrix by hand (Edwards and Lofty, 1977). 

Earthworms were separated into adults and juvenile based on the presence of 

clitellum and identified to species using external morphology keys and description 

provided in the literature (Lee, 1959a, b). The collected worms were divided into 

the three ‘functional groups’ based on their location, body colour, shape, size and 

ecological roles (Lee, 1985), i.e.: 

Epigeic worms are found on the surface (they do not form burrows) where 

they dwell and feed on the litter layer.  They are normally highly 

pigmented. They include Lumbricus rubellus (Hoffmeister) which was 

found in this study.  

 

Endogeic worms form horizontal, usually temporary burrows.  These 

worms feed on soil. They are mostly pale in colour. They include 

Aporrectodea calignosa (Savigny) and Octolasion cyaneum (Savigny) 

which were found in this study. 

 

Anecic earthworms make permanent vertical burrows in soil. They feed on 

leaves on the soil surface that they drag into their burrows. They also cast 

on the surface; they are large worms, often dark at the head end and paler 

near the tail.  They include Aporrectodea longa (Ude) and Lumbricus 

terrestris (Linnaeus) which were found in this study. 

3. Another soil sample was collected for bulk density estimation in two layers (0-7.5 

cm and 7.5-15 cm) using 7.5 cm diameter cylindrical corer. Bulk density was 

calculated from these aggregated undisturbed blocks of soil (one to the depth of 7.5 
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cm and another to the depth of 15 cm). Because of the sensitivity of bulk density, 

care was taken to avoid soil loss from the samples. The soil’s volume was obtained 

from calculating the volume of the cylinder. 

 

5.2.4 Laboratory analyses 

One set of the two samples was used to measure soil biological activity, thus microbial 

biomass carbon and nitrogen by the rapid chloroform fumigation method (Schinner et al., 

1995). Microbial biomass carbon is a measure of the total amount of living microbes in the 

soil (Vance et al., 1987). On the other hand, basal respiration is the process that reflects the 

potential activity of the soil microbial population. Basal respiration was obtained from 

sieved soil packed to a bulk density of 1g/ml wetted to a soil moisture of 60% of field 

capacity and then incubated at a temperature of 22
◦
C (Parkin et al., 1996). These values 

were then used in calculating the metabolic quotient - the rate of CO2 produced per unit of 

microbial biomass to assay soil biological processes (Anderson and Domsch, 1990). 

The other set was analysed for Soil pH, Olsen-P, resin-P, sulphate S, organic S, total base 

saturation,  available mineralisable N, organic C, total N, cation exchange capacity (CEC) 

using the standard methods described in chapter 3 of this thesis (Blakemore, 1987).  

In the laboratory, nutrients are extracted from fine soil obtained from air dried, sieved and 

ground soil samples that exclude course soil material. This procedure does not account for 

field conditions since it does not accommodate the course soil material and its porous 

structure which is measured by Bulk density metrics. Both aspects of soil are potentially 

important, so I have analysed changes in nutrient content in both per square m of paddock 

(the ‘volumetric method’) and per kg of soil (the ‘gravimetric method’) in my study and I 

will compare the implications of the differences I observed between them.  

Even though earthworm activity extends beyond 7.5 cm depth of soil profile, it was 

necessary to use a bulk density depth appropriate for the objective of the study. Most soil 

processes that farmers rely on for the supply of nutrients to pasture plants take place in the 

top 7.5 cm soil profile. Also soil chemical measurements were obtained from cores 

collected to 7.5 cm depth. Therefore bulk density calculations from just the top 7.5 cm 

were used in my study. 
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In the laboratory, bulk density samples were dried overnight in an oven at 105
◦ 

C and 

weighed. Bulk density was then calculated from equation 1: 

𝐵𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔

𝑐𝑚3
) =

Oven dry weight (g)

Core volume (cm3)
     (Eq. 5.1) 

This bulk density was used to calculate soil nutrient amounts per unit volume of the soil 

sample measured, rather than per g of soil from equation 2 below:  

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 (
𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡

𝑤𝑖𝑒𝑖𝑔ℎ𝑡
) =

Dry weight (g)

100
𝑥𝑔     (Eq. 5.2) 

Where:  

 𝑤𝑒𝑖𝑔ℎ𝑡                   Is the dry weight of soil sub-sample used in nutrient extraction  

  𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡          Is the weight of the extracted nutrient (the nutrients are normally 

given in grams hence the g in front of the equation) 

 

The amount of nutrient in the field bulk density surface area and depth was calculated from 

the formula: 

 

𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 (
𝑘𝑔𝑁𝑡

𝑀2
) = 𝐴 x Sampling depth xBulk density x Nutrientlab (

g (N)

kg (soilsample)
)   (Eq. 5.3) 

 

Where:  

 A is the base area of the sampling corer (m
2
)  

 Sampling depth – is the depth of sampled soil in this study it was 0.075 m 

 NutrientLab – is the laboratory test result expressing the weight of nutrient 

extracted from a known weight of soil sample. 

I have mostly reported the area-based soil quality metrics in what follows, while also 

showing both results in the main text if conclusions vary, but relegating gravimetric 

calculations to the appendices.  

 

5.2.5 Statistical analysis 

A Principal Components Analysis (PCA) was carried out first to determine soil properties 

that had important changes. This technique was selected because it provides an elegant and 
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simple way to summarise variation across a mass of correlated variables (altogether I was 

modelling 15 soil quality indicators).   

Ten soil properties contributed most to variation in the first four Principal Components:  

SOC, total N, % base saturation, CEC, calcium, magnesium, C/N ratio, Olsen phosphorus, 

resin phosphorus, and soil pH were then selected. I therefore explored the way that the first 

four Principal Components (PC1, PC2, PC3, PC4) and these ten variables varied in the 

BACI sampling using a GLM to test Hypothesis 1. These Linear Mixed Models used the 

Residual Maximum Likelihood (REML) method of predicting means and Wald’s tests for 

assessing the significance of effects of predictors.  The REML used a fixed model that 

incorporated (i) Treatment (‘Organic/Conventional’), (ii) Time (‘Before/After’), and (iii) a 

Treatment.Time interaction, and (iv) Land form (slope/crest/flat). To account for the 

hierarchical structure of the experimental design and lack of independence between 

paddocks of the same farm, the GLMs incorporated a random model of nested levels for 

Pair/Property/Paddock. See Chapter 2 for a fuller description of the statistical rationale 

deployed. The significance of the treatment.time interaction tests for the experimental 

effect of conversion to organics on soil quality (Hypothesis 1).  

Preliminary models were constructed and residuals inspected to check for 

heteroscedasticity and to ensure that the residuals were distributed evenly around the 

predicted means. Increasingly severe transformations (square root < loge< log10) were 

applied to response variables to find the simplest model with the best residuals and fit to 

model assumptions. Predicted transformed means for the most parsimonious model were 

then back transformed for reporting, but the p-values I report reflect the tests done on the 

transformed data. 

Analysis then proceeded to test for significant changes in earthworms and microbes on 

organic farms compared to the conventional panel (Hypothesis 2). This deployed the same 

GLM and hierarchical model design and transformations when needed as deployed for soil 

quality tests in Hypothesis 1.  

Next I constructed Generalised Linear Mixed Models (GLMMs) to measure the 

association of soil quality with earthworm and microbial abundance and BACI treatments.  

A significant association of soil quality and either earthworms or microbes would uphold 

Hypothesis 3, while a significant coefficient for the treatment.time interaction would 
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uphold Hypothesis 4.  The same blocking structure that I used for testing Hypothesis 1 and 

2 was maintained in the GLMMs to test Hypotheses 3 & 4. 

 

These linear mixed effect models used to determine these associations take this form: 

𝑌𝑖𝑗 = 𝜇 + 𝛽1𝑥1𝑖𝑗 + 𝛽2x2𝑖𝑗 + ⋯ + 𝛽𝑛𝑗𝑥𝑛𝑖𝑗 + 𝑏𝑖1𝑧1𝑖𝑗 + 𝑏𝑖2𝑧2𝑖𝑗 … 𝑏𝑖𝑛𝑧𝑛𝑖𝑗+ ∈ 𝑖𝑗      (Eq. 5.4) 

Where:  

 𝑌𝑖𝑗                Is the value of the outcome estimated from the fixed terms in the model 

  𝜇                  Overall constant term 

 𝛽1. . 𝛽𝑛         Are the fixed effect parameter values (like regression coefficients)  

 𝑥1𝑖𝑗 …𝑥𝑛𝑖𝑗  Are the fixed effect variables (predictors) 

 𝑏𝑖1 − 𝑏𝑖𝑛     Are the random effect parameters (like regression coefficients) which  

                    were assumed to be multivariate normally distributed 

 𝑧2𝑖𝑗 − 𝑧𝑛𝑖𝑗   Are random effect variables (predictors) 

 ∈ 𝑖𝑗             Is the error term (was assumed to be multivariate normally distributed)  

 

 

On the other hand, the Binary regression, (when the data with several independent 

variables with only one independent variable) took this form 

𝑃(𝑌) =
𝑒𝑏0+𝑏1𝑋1+𝑏2𝑋2+⋯.+𝑏𝑛𝑋𝑛

1+𝑒𝑏𝑜+𝑏1𝑋1+𝑏2𝑋2+⋯.+𝑏𝑛𝑋𝑛
                                                         (Eq. 5.5) 

Where: 

 𝑃:  Is the probability of 𝑌 occurring 

 𝑒:  Natural logarithm of base 

 𝑏0:  Interception at y-axis 

 𝑏1:  Line gradient 

 𝑏𝑛: Regression coefficient of 𝑋𝑛 

 𝑋1:  Predictor variable  

𝑋1, predicts the probability of 𝑌. 
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Having tested the ability of earthworms, microbes and BACI treatments to predict soil 

quality, I then reversed the predictors while using similar models to test whether 

earthworm measures could be predicted from soil quality (using PC1 and PC2) and 

microbe measures throughout the BACI.  Finally the same approach was used to test 

whether microbe measures could be predicted from soil and earthworm measures. 

  

 

5.3 Results 

5.3.1 Changes in soil bulk density after conversion 

Soil bulk density decreased by 2.1% over the seven years since conversion on organic 

farms, but increased by 6.8% on the conventional group (Appendix 5.3).  The two systems 

had similar bulk density before half the farms converted (Table 5.3, Fig. 5.2). 

The noticeable shift in bulk density change and the highly significant interaction effect 

(p=0.006) raises an important question: (a) is it most appropriate to measure the soil 

nutrient values according to soil volume (i.e. the nutrients contained in the top 7.5 cm of a 

metre square of paddock; or (b) should nutrients be expressed per weight of soil removed 

from the top 7.5 cm (here air and water between the soil particles are excluded from 

consideration).   

 

5.3.2 Principal Components Analysis 

Of the 15 soil chemical measures studied, variation between SMSs were highly correlated 

(at the 5% level) on 24 of the 105 paired comparisons (Appendix 5.1).  This strong 

correlation between soil properties makes it problematical to distinguish their separate 

effects and prevents the use of normal multiple regression modelling (such models assume 

lack of correlation between predictors (independence) and additive effects between them.  

Accordingly I first sought to summarise the variation between SMSs into fewer variables 

by performing a Principal Components Analysis (PCA) as a way of selecting the main 
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variables for closer scrutiny later. All variables are standardised so they are given equal 

weight in determining the PCs. 

 

 

Figure 5.2 Mean estimates for differences in soil bulk density Before and After half the 

study farms converted to organic farming.  The Before-After-Control-Impact interaction 

effect in the GLM model was significant (p=0.006). (The error bars here and all 

subsequent graphs show ± 2 x SEs (an approximation to 95% confidence intervals)). 

 

 

The first four principal components collectively explained 71.8% of the variation in soil 

chemical properties calculated on an area basis (Table 5.1). Soil organic carbon, total 

nitrogen, CEC and magnesium play significant roles in the soil and were the main 

determinants of PC1, explaining 31.4% of the total variance. The next dimension of 

variation (PC2) differed mainly in its emphasis on variation in pH, C/N ratio, phosphorous 
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and base saturation.  The level of calcium had important influences on both PC1 and PC2 

(Table 5.1). Total nitrogen, soil organic carbon and organic sulphur mainly affected PC3, 

and sodium was important in determining PC4. Potassium had important influences on 

both PC3 and PC4.  

Slightly different groupings of variables influenced each of the four PCs if gravimetric 

measures were used (Appendix 5.2).  The sign changes for some components, but this is a 

mathematical abstraction rather than indicator of major changes in conclusions.  

 

5.3.3 Effects of land form 

The GLMs predicting soil quality metrics from the BACI experiment also included land 

form as an explanatory variable.  This was necessary because stratification across land 

forms was built into the ARGOS design on the expectation that position on a hill crest, 

mid slope or flat is likely to greatly influence soil chemistry.  My GLMs confirmed this 

expectation (see final column of Table 5.2).  However my study agenda here is to look at 

overall changes in soil quality and soil biota triggered by conversion to organics, so land 

form effects are more of a ‘nuisance variable’ that had to be included to minimise the 

unexplained variance in the whole model and thereby enable a more powerful test of farm 

system conversion. The predicted means for each land form effect are tabulated in 

Appendix 5.3 for completeness sake, but they will not be considered further in my 

analysis. 
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Table 5.1 Eigen vectors from Principal Component Analysis (PCA) of soil properties 

without bulk density for Organic and Conventional dairy farming systems (nutrient 

loadings are expressed on a per area [m
-2

] basis). 

Soil property  

 

PC component Loadings 

PC1 PC2 PC3 PC4 

Cation Exchange Capacity 0.446 0.080 0.034 0.050 

C/N ratio -0.074 0.365 -0.067 0.270 

Calcium 0.382 0.314 0.156 -0.141 

Potassium 0.154 -0.130 0.513 0.338 

Magnesium 0.387 0.008 0.025 0.049 

Sodium 0.106 -0.070 0.140 0.764 

Olsen Phosphorus 0.189 -0.462 0.252 -0.117 

Organic sulphur 0.198 -0.106 -0.382 0.079 

Resin Phosphorus 0.276 -0.375 0.229 -0.286 

Soil Organic Carbon 0.342 0.030 -0.389 0.201 

Total Nitrogen 0.352 -0.153 -0.449 -0.053 

%Total base saturation 0.235 0.394 0.224 -0.226 

Soil pH 0.132 0.442 0.148 -0.090 

     

Eigenvalues 4.08 2.58 1.48 1.19 

%Variance 31.4 19.9 11.4 9.2 

Cum variance 31.4 51.2 62.6 71.8 

 

 



 
 

166 
 

Table 5.2 Estimates of mean soil properties and p-values showing differences before and after half farms converted - nutrients have been 

expressed as per m
-2

 of paddock (earthworm and microbial explanatory variables are not included in this analysis). 

PC/Soil property Transformation used  Predictor p-values 

Conventional Organic  

Before After Before After se System Time BACI 

interaction 

Land 

form 

PC1  Untransformed  -1.41 1.25 -0.79 0.85 0.71 0.899 0.128 0.148 0.011 

PC2  Untransformed -1.34 -0.76 -0.01 1.35 0.36 0.008 <0.001 0.008 0.010 

PC3  Untransformed 0.31 -0.45 0.38 -0.20 0.37 0.677 0.007 0.717 0.348 

PC4  Untransformed -0.07 -0.02 0.36 -0.33 0.34 0.716 0.894 0.008 0.002 

SOC (kg C m-2) Square root 4.62 5.00 4.97 4.83 0.24 0.540 0.573 0.103 0.056 

Total (N kg N m
-2

) Untransformed 0.46 0.49 0.46 0.45 0.02 0.286 0.512 0.190 0.015 

CEC (cmolc m
-2

) Untransformed 1080.00 1252.00 1099.00 1219.00 62.71 0.857 0.001 0.555 0.430 

Ca (cmolc m
-2

) Untransformed 569.80 611.50 658.80 745.30 63.89 0.075 0.069 0.535 0.902 

Mg (cmolc m
-2

) Natural log 88.58 102.10 98.20 93.97 11..56 0.948 0.378 0.082 0.002 

K (cmolc m
-2

) Untransformed 52.07 55.61 53.34 51.37 1.28 0.639 0.599 0.006 0.067 

Na (cmolc m
-2

) Square root 12.79 11.82 13.52 9.89 1.11 0.431 0.002 0.080 0.100 

Olsen P (mg P m
-2

) Natural log 2732.57 2287.01 2307.68 1339.43 137.83 0.088 <0.001 0.011 0.002 

Resin P (mg P m
-2

) Untransformed 7595.00 6994.00 5878.00 4941.00 569 0.125 0.138 0.506 <0.001 

Org. S (mg S m
-2

) Untransformed 633.52 815.10 604.18 649.23 63.27 0.034 0.004 0.068 0.228 

Base saturation (%)  Untransformed 65.53 61.22 73.00 73.13 3.13 0.016 0.293 0.204 0.726 

Soil pH  Untransformed 5.75 6.10 6.03 6.40 0.06 0.003 <0.001 0.760 0.150 
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Table 5.3 Estimated main effects for soil properties (Before/After and Conventional/Organic) in GLMM-models. Nutrient loadings have been 

expressed per m
2
 of paddock. 

PC/soil property Transformation 

used  

Time Farming system 

Before After se p-value Conventional Organic se p-value 

PC1 Untransformed -1.09 1.05 0.66 0.128 -0.08 0.03 0.62 0.899 

PC2  Untransformed -0.67 0.29 0.28 <0.001 -1.05 0.67 0.32 0.008 

PC3 Untransformed 0.35 -0.33 0.29 0.007 -0.07 0.09 0.37 0.677 

PC4 Untransformed 0.15 -0.17 0.33 0.894 -0.04 0.02 0.30 0.716 

SOC (kg C m
-2

) Square root 4.80 4.92 0.16 0.573 4.81 4.90 0.14 0.540 

Tot N (kg N m
-2

) Untransformed 0.46 0.47 0.01 0.512 0.47 0.46 0.01 0.286 

CEC (cmolc m
-2

) Untransformed 1090.00 1235.00 42.2 0.001 1166.00 1159.00 30.38 0.859 

Olsen P (mg P m-2) Natural log 2509.91 1749.35 89.34 <0.001 2499.88 1758.12 213.28 0.088 

Resin P (mg P m
-2

) Untransformed 6587.00 5958.00 213.25 0.138 7134.00 5410.00 993.6 0.125 

Calcium (cmolc Ca m
-2

) Untransformed 614.30 678.40 36.28 0.069 590.70 702.10 52.22 0.075 

Mg (cmolc m
-2

) Natural log 93.32 98.00 11.32 0.378 95.11 96.06 8.97 0.948 

K (cmolc m
-2

) Untransformed 52.71 53.49 0.96 0.599 53.84 52.35 2.93 0.639 

Sodium (cmolc Na m
-2

) Square root 13.15 10.83 1.84 0.002 12.31 11.63 2.12 0.431 

Soil pH  Untransformed 5.88 6.25 0.03 <0.001 5.92 6.21 0.06 0.003 

%Base saturation  Untransformed 69.27 67.17 1.75 0.293 63.37 73.07 2.98 0.016 

Organic S (mg S m
-2

) Untransformed 618.52 729.54 36.47 0.004 721.46 626.50 23.98 0.034 
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5.3.4 Did conversion to organics cause changes in soil quality? (Hypothesis 1) 

There is no evidence that PC1 (the main dimension of variation in soil chemistry) 

developed differently for organic and conventional farming systems between the Before 

and After samples (Table 5.2, Figs 5.2). PC1 increased while PC3 declined between the 

Before and After samples, but this change was about equally evident on the two 

experimental groups (BACI Interaction effects, p=0.148 and 0.717 respectively).  

PC2 was already much lower on the organic group before they formally converted to 

organic methods, suggesting that there were some pre-existing conditions (soil or land 

quality, farming approach of the land owners), that made some dairy farmers more likely 

to select organic conversion.  Nevertheless PC2 climbed considerably after conversion, all 

the more so on organic farms (Table 5.2; Fig. 5.2).  Similarly, PC4 decreased sharply on 

organic farms after conversion, but stayed about the same on conventional farms during 

the same period. The highly significant BACI interaction terms (P=0.008) for PC2 and 

PC4 indicate that there were very strong experimental effects on soils following 

conversion.  

The PCA certainly underscored emergence of soil chemistry differences in the first seven 

years following conversion to organic farming.  However the PCA allowed little 

prioritisation of the analysis because all 15 soil chemistry measures were significant 

predictors of at least one of the first four Principal Components. Therefore, pursue more 

detailed predictive models were pursued for all the variables (Table 5.2).   

Potassium and Olsen P were the only two individual measures with formally significant 

BACI interaction effects, but those for sodium, magnesium and organic sulphur were 

nearly significant when an area of paddock calculation is used  (Table 5.2). Olsen P was 

already lower on organic farms before they converted and they fell to a greater degree than 

on conventional farms in the after sample (Figs 5.4). Potassium was about the same on the 

two types of farms, but rose on conventional farms and fell on organic ones after 

conversion (Fig. 5.5). 
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Figure 5.3 Principal Components Analysis of soil chemical Before and After half the farms converted to organic dairy production. The error 

bars show ± 2 x SEs (an approximation to 95% confidence intervals).

-2.2

-1.7

-1.2

-0.7

-0.2

0.3

0.8

1.3

1.8

Conventional Organic Conventional Organic Conventional Organic Conventional Organic

PC1 PC2 PC3 PC4

P
C

A
 P

re
d
ic

te
d
 m

ea
n
s 

Before

After



 
 

170 
 

Fewer significant interactions and main effects were detected in the BACI if gravimetric 

metrics were used (compare Tables 5.2 and 5.3 with Appendices 5.4 and 5.5 respectively).  

Several soil quality measures in the ‘Before’ samples were already different on farms 

destined to convert to organics even before they enrolled in the Fonterra formal organic 

certification scheme. e.g. Olsen P and Resin P were higher, and PC2 , PC4 and soil pH 

were lower on conventional farms than organic farms even before formal processes to 

organic conversion was decided.   

There were remarkably large shifts in many soil parameters through time even within the 

conventional farms where no systemic change in farming occurred (Table 5.3, Figs. 5.4 

&5.4).   

 

5.3.5 Did conversion to organics cause changes in earthworms? (Hypothesis 2) 

Seven earthworm species were recorded before conversion; Aporrectodea longa (Ude), 

Aporrectodea calignosa (Savigny), Aporrectodea rosea (Savigny), Octolasion cyaneum 

(Savigny), Lumbricus rubellus (Hoffmeister), Amynthas diffringens (Baird) Lumbricus 

terrestris (Linnaeus) and a native species that was not identified. After conversion, the 

number of observed species reduced to 4, thus A. caliginosa, A. longa, O. cyaneum, and L. 

rubellus. The higher diversity and numbers of observed Anecic earthworms, specifically L. 

terrrestris, before conversion was not repeated after conversion. This created uncertainty 

about the reliability of earthworm identifications in the Before sample (the Before and 

After samples were identified by different people, and we double checked the 

identifications in the After samples).  I therefore based my analysis of earthworm data 

according to broad ecological functional groups, and pooled counts for anecic and 

endogeic earthworms to compare with epigeic species. Nevertheless, A. caliginosa was 

dominant and abundant in both farming systems before and after conversion. 

Detection of mean differences in earthworms between the farming systems was 

statistically challenging because their density was inherently extremely variable: it ranged 

from no individuals to 1,052 individuals m
-2

 in a single SMS.  The maximum biomass 

recorded at a single SMS was 621.6 g/m
2
.  
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Figure 5.4 Mean estimates for differences in Olsen phosphorus Before and After half the 

study farms converted to organic farming.  The BACI interaction effect is statistically 

significant, p=0.011. 

 

 

 

Figure 5.5 Mean estimates for differences in potassium and potassium Before and After 

half the study farms converted to organic farming.  The BACI interaction effect is highly 

significant, p=0.006. 
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There were statistically significant BACI interaction effects in total earthworm density and 

in the abundance of epigeic worms in particular (Table 5.4). The change in earthworm 

biomass was also almost formally significant. These experimental effects were 

unexpectedly complex – they resulted from there having been more earthworms in farms 

about to become organic in the ‘Before’ samples, and a rapid rise in the number of 

earthworms (especially endogeic and anecic worms) on the conventional farms by the time 

of my After samples (Fig. 5.6).  Epigeic worms were nearly twice as abundant on organic 

farms before formal conversion, but then decreased significantly by the time of the After 

sample (Fig. 5.7). More earthworms were found on organic farms when main effects 

(Before and After combined) are considered (Table 5.5), which is consistent with 

Hypothesis 2.  However direction of the relative shifts in abundance after formal 

conversion to organics was in the opposite direction, which is inconsistent with Hypothesis 

2.  

 There was no evidence of changes in microbial biomass or microbial quotient within the 

BACI treatments, so Hypothesis 2 had to be rejected as far as microbial activity is 

concerned. Again there were large changes evident between the Before and After samples 

(Tables 5.6 & 5.7; and Figure 5.8). 
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Table 5.4 Earthworm mean estimates and p-values showing interaction differences between organic and conventional systems before and after 

half of sampled farms converted to organic  

Earthworm measurement  

  

Transformation 

used  

 

Farming system predicted mean  Predictor p value   

Conventional    Organic   se 

Before After Before After System Time BACI 

interaction 

Land 

form 

Total EW density (earthworm 

m-2) 

 

Square root 

195 431 411 468 25 0.043 0.003 0.026 0.215 

Total EW biomass (g m
-2

) Square root 148 198 207 198 19 0.566 0.827 0.076 0.044 

Anecic +endogeic 

(earthworms m
-2

) 

Untransformed 219 399 269 412 52 0.487 <0.001 0.562 0.085 

Epigeic (earthworms m
-2

) Square root 80 62 160 57 17 0.023 0.001 0.008 0.983 

 

 

Table 5.5 Estimated mean earthworm measurements showing differences for the main effects Time (Before/After) and Farming System 

(Conventional/Organic). 

Earthworm measurement  

Transformat

ion used 

Sampling time Farming system 

Before After se p-value Conventional Organic se p-value 

Total EW density 

(earthworms m
-2

) 

Square root 

 

293 449 53 0.003 312 439 22 0.043 

Total  EW biomass (g m
-2

) Square root 176 186 37 0.827 172 191 16 0.566 

Anecic+Endogeic  

EW(earthworms m
-2

) 

Untransfor

med 

 

244 406 32 <0.001 309 341 46 0.487 

Epigeic EW (earthworm m
-2

) Square root 120 59 16 <0.001 70 108 9 0.040 
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Figure 5.6 Total earthworm density and biomass showing differences Before and After half 

the study farms converted to organic farming. The BACI interaction effect was significant for 

total density (p= 0.026) and nearly so for biomass (p=0.076).    

 

 

 

 

Figure 5.7 Anecic + Endogeic and Epigeic earthworms Before and After half of the farms 

converted to organic farming. There was no evidence of a BACI interaction effect for 

endogeic and anecic earthworms combined (p=0.562), but the interaction was statistically 

significant for epigeic earthworms (p=0.008). 
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Table 5.6 Soil microbe means and p-values for the interaction of organic and conventional before and after.   

Microbial property Transformation used Farming system predicted mean Predictor p-values 

  Conventional  Organic se 

  Before After Before After  System Time BACI 

interaction 

Land 

form 

Microbial quotient Untransformed 54.02 98.18 74.01 100.53 8.99 0.563 <0.001 0.197 0.073 

Microbial Biomass C  Square root 1098 1088 1295 1198 106 0.193 0.306 0.454 0.035 

(mg C kg
-1

 soil)           

Microbial Respiration Untransformed 29.43 94.07 39.62 94.89 4.56 0.344 <0.001 0.109 0.278 

           

Microbial Biomass N  Untransformed 184.6 178.9 204.5 193.9 16.63 0.291 0.399 0.807 0.123 

(mg biomass N kg
-1

 soil)            

 

 

 

Table 5.7 Estimated soil microbe properties for main effects for time (Before/After) and farming system (Conventional/organic). 

Microbial property  Transformation 

used  

Sampling time Farming system 

Before After se p-value Conventional Organic se p-value 

Microbial quotient Untransformed 64.02 99.36 6.77 <0.001 76.10 87.27 8.16 0.563 

Microbial Biomass C (mg C 

kg
-1

 soil) 

Square root 1196 1143 57.35 0.306 1093 1246 104.2 0.193 

Microbial Respiration (mg 

CO2 kg
-1

 soil min
-1

) 

Untransformed 34.53 94.48 2.94 <0.001 61.75 67.25 3.74 0.344 

Microbial Biomass N (mg 

biomass N kg
-1

 soil) 

Untransformed 194.5 186.4 9.97 0.399 181.7 199.2 14.88 0.291 
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Figure 5.8 Changes in microbial respiration and microbial quotient before and after half of sampled farms converted to organic.  The BACI 

interaction effects were not significant (p= 0.109 and p=0.197 for respiration and microbial quotient respectively).    
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5.3.6 Is soil quality higher where there are more earthworms and soil microbes? 

(Hypothesis 3) 

The models presented so far have searched for evidence that soil quality and soil biota 

shifted when half the study farms converted to organic farming.  More complex GLMM 

models are now build to explore the same soil quality response variables to the BACI 

experiment but with earthworms and microbial measures incorporated as additional 

predictors:  i.e. the GLMMs were of the form: 

Soil quality  BACI+ Land form + Earthworms + Microbes 

These models test whether soil quality varies for a given level of earthworms or microbes 

throughout the BACI experiment, whereas the preceding models have simply tested for 

independent responses in soil quality, earthworms and microbes to organic conversion.  

These GLMMs test the expected association between soil quality and soil biota 

(Hypothesis 3).  The full set of model coefficients and constants are given in Appendices. 

The predictor coefficients and their significance are summarised in Table 5.8 below. 

No evidence was found that soil quality measures could be predicted by endogeic and 

anecic earthworms (Table 5.8). The density of epigeic worms was weakly associated with 

organic sulphur and strongly associated with PC4 and Resin P (Table 5.8).  I found many 

more associations between soil chemistry and microbial measures than occurred for 

earthworms (Table 5.8).  Resin P was higher at SMS with more microbial biomass, and 

microbial respiration was negatively associated with five of the soil quality measures. The 

microbial quotient, a measure of microbial activity, was significantly associated with 9 of 

the 18 measures of soil quality (Table 5.8). Bulk density shifted to be around 9% lower on 

organic conversion farms by the time of my After samples (Figure 5.2). There was no 

evidence (p>0.139) that this potentially important change in soil structure was associated 

with a change in earthworm abundance, biomass or microbial measures (Table 5.8).  I 

tested the expected link between Bulk Density and soil organic carbon by building an 

additional GLMM to predict Bulk Density from the BACI treatments (and interactions), 

Land form, earthworms, microbes, Nitrogen and SOC. Nitrogen and SOC were measured 

by the gravimetric method in this instance to avoid lack of independence of predictor and 

response variables (i.e. the volumetric method uses bulk density itself). 
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5.3.7 Did the relationship between soil quality, earthworms and soil microbes change 

when farms converted to diary? (Hypothesis 4) 

The GLMMs above detected several predictive relationships between soil quality and soil 

biota, especially in microbial respiration and metabolic quotient, and to a lesser degree in 

the abundance of epigeic earthworms (Table 5.8).  The same models simultaneously test 

whether the conversion to organics altered the relationships between soil quality and soil 

biota (Hypothesis 4) i.e. had the changes observed in soil quality from Before to After 

conversion been entirely driven by changes in epigeic and microbes, we would expect no 

additional effect of a Treatment.Time interaction in the GLMMs.  In fact, several 

significant BACI interaction terms and main effects were detected (Table 5.8, Figures 5.7-

5.8; Appendix 5.6).  This leaves no doubt that changes in soil biota were insufficient in 

themselves to account for the changes observed in soil quality; and vice versa. These 

results therefore support Hypothesis 4.     
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Table 5.8 Constants and parameter values for earthworm and soil microbe explanatory variables from GLMM interaction models. Column 1-2 

are response variable, 3-6 are predicted means, 7 is the BACI p-value and the rest are the earthworm and soil microbial coefficients. 

Soil 

Property 

Transformation 

used 

Conventional Organic BACI 

p-value 

Epigeics  Anecic + 

Endogeic  

EW 

Biomass 

Microbial 

Biomass C 

Microbial 

quotient 

Microbial 

Respiration 
Before After Before  After 

PC1  Not  -1.41 1.25 -0.79 0.85 0.148 -0.00073 0.00019  0.10640 0.00967* -0.00312** 

PC2  Not -1.34 -0.76 -0.01 1.35 0.008 -0.00038 0.00008  -0.01325 0.00630 0.006303 

PC3  Not 0.31 -0.45 0.38 -0.20 0.717   0.00014 0.00356 -0.00133 0.00059 

PC4  Not -0.07 -0.02 0.36 -0.33 0.008 -0.00189*** 0.00012  -0.01587 0.00374* 0.00010 

SOC  Square root 4.62 5.00 4.97 4.83 0.103 -0.00103 0.00012  0.02435 0.00365 -0.00087 

Total N Not 0.46 0.49 0.46 0.45 0.190 -0.00003 -0.00001  0.00089 0.00028*** -0.00017*** 

CEC  Not 1080.00 1252.00 1099.00 1219.00 0.555 -0.04130 0.03781  13.58000 1.65300** -0.54140*** 

Ca Not 569.80 611.5 658.8 745.3 0.535 0.06291 0.08671  15.74000 2.00100* -0.51560*** 

Mg  Natural log 88.58 102.10 98.20 93.97 0.082 -0.03303 0.00211  1.56100 0.07712 -0.03854 

K Not 52.07 55.61 53.34 51.37 0.006 -0.00047 -0.00389  0.33310 0.04372* -0.00146 

Na Square root 12.79 11.82 13.52 9.89 0.080 -0.00675 0.00377  0.03735 0.01543 -0.00005 

Olsen P  Natural log 2732.57 2287.01 2307.68 1339.43 0.011 1.00035 -1.00001  -32.6100 -6.57300* 0.36060 

Resin P Not 7595.00 6994.03 5878.95 4941.65 0.506 4.09000*** -0.49790  151.700*** -10.74000* -0.56720 

Organic S Not 633.52 815.10 604.18 649.23 0.068 -0.35400* 0.04649  -6.9880 0.45190 -0.12196* 

% BS Not 65.53 61.22 73.00 73.13 0.204 -0.00139 0.00603  0.21650 0.06904 -0.01080 

BD Not 0.70 0.74 0.70 0.68 0.006 -0.00001 -0.00005  0.00444 0.00059 -0.00002 

 pH  Not 5.75 6.10 6.03 6.40 0.76 0.00008 -0.00009  0.00365 0.00058 0.00005 

 Parameter values are significance at ***p<0.001, **p<0.01 and *p<0.05 from GLMM Genstat model. 
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5.4 Discussion 

5.4.1 Are volumetric or gravimetric measures of soil quality most appropriate? 

Soil bulk density decreased on the organic farms to be 9% lower than on their conventional 

counterparts seven years after conversion. This change may have come about because the 

soil is becoming more structured and thereby encapsulating more air and/or water between 

the soil particles. The soil structure and density potentially affects the pasture plants’ root 

envelop volume, which in turn affects the amount of nutrient available for uptake. This 

raises the issue of how best to express changes in soil quality after farm conversion. Using 

a nutrient per unit area of paddock (‘volumetric’) measure takes into account the added 

spaces for air and water within the upper parts of the soil profile, whereas expressing the 

nutrient weight per unit soil weight (the ‘gravimetric method’) excludes consideration of 

water and or aeration changes. As both types of measure have important implications for 

plant growth and soil systems (Mehlich, 1972), it is important to choose a method that 

most relates to the main study question.  Here I have researched whether organic farming 

methods trigger important bio-physical properties of soils that may in turn affect 

economic, social and environmental sustainability outcomes (the main ARGOS research 

question, Campbell et al. 2011). For example, it is logical that root penetration, biomass 

and health would all increase where soil bulk density is lower. I can find no published 

quantitative studies that compare the root envelop volume of production plants in 

equivalent organic and conventional production systems, so we cannot be certain whether 

the plants extended their root volume significantly in soils under organic dairy production 

management. If so, adjustments in root production may have compensated for reduced 

nutrients per square metre of the top 7.5 cm of soil.  If no root extension was triggered by 

conversion, use of the volumetric soil nutrient measures will have underestimated relative 

nutrient availability compared to conventional; if root extension occurs, gravimetric 

comparisons will overestimate the relative nutrient availability per pasture plant on organic 

farms compared to conventional.  I have chosen to mainly present the model results for 

volumetric measures and appended gravimetric equivalents.  It is important to remember 

that many more soil changes were detected using volumetric method compared to when 

using the gravimetric soil quality measures. 
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5.4.2 Changes in soil quality following conversion to organics (Hypothesis 1) 

Tests of the hypotheses were made much more difficult by the large variation in soil 

properties observed at the same SMSs between the Before and After samples, even in the 

non-treatment farms that remained as conventional farmers (Table 5.2, Fig. 5.4). Cation 

exchange capacity, Olsen Phosphorus, soil pH, C/N ratio, and organic sulphur nutrient 

levels were very much higher in the After compared to Before samples (p<0.001) (Table 

5.3).  Calcium too increased (p=0.038) while sodium levels declined in After samples 

(Table 5.3).   Inter-annual fluctuations are obviously operating, potentially as a result of 

recent soil fertilisation, soil temperature, rainfall, paddock or stock management that is 

independent of whether or not conversion to organics had occurred.  Whatever its reason, 

the power to detect experimental effects will have been much reduced by this inter-annual 

variability and more repeated samples are needed before the power of my tests can be 

improved.   

Despite temporal and spatial variability, several experimental effects of farm conversion, 

especially in soil bulk density and soil chemistry were detected (Doran and Parkin, 1996; 

Logsdon and Karlen, 2004) that are generally considered to increase soil quality. This led 

to the acceptance of Hypothesis 1, although of course conversion has affected some 

indicators of soil quality and not others, and some declines in macro-nutrients may even be 

considered to degrade soil quality or undermine sustainable production.  

Of the affected variables, reduced bulk density is likely to have had far reaching and 

potentially very important effects.  Reduced bulk density can offer the plant enhanced 

opportunities for nutrient absorption through increased water infiltration and retention, 

aeration and root growth.  Water storage can enhance drought resistance and accelerate 

grass growth, which in turn might trigger many changes in rates of nutrient cycling and 

soil biota.  

Reduced bulk density is normally assumed to result from changes in the quality and 

quantity of organic matter inputs to soils. The negative correlations between bulk density 

and soil organic carbon and nitrogen (Appendix 5.1) are expected from the literature 

demonstrate that when soil organic matter increases, bulk density decreases. In contrast, 

nitrogen fertilization may have caused increased bulk density on the conventional farms by 

reducing soil aggregation and binding of SOM micro-aggregates (Mikha and Rice, 2004). 
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The fact that soil microbial quotient was positively associated with soil bulk density (Table 

5.8) supports this speculation. Earthworms are believed to enhance SOM aggregate 

stability and thereby lower soil bulk density (Mäder et al., 2002), but this direct association 

between earthworm abundance and bulk density was not demonstrated in my study (Table 

5.8). Decreased bulk density may also have arisen because of decreased soil compaction 

on organic farms because stocking rates are lower there (Norton et al. 2010, link 16 in 

Figure 2.11). 

Changes in soil chemistry following conversion are collectively summarised in lack of 

change in PC1 and PC3, and strong changes in PC2 and PC4 (Figure 5. 3, Table 5.2).  The 

multivariate nature of PCA means that the PCs are sensitive and integrated indicators of 

variation between SMSs, but they are also rather abstract metrics that cannot easily guide 

specific soil management strategies of farmers.  PC1 and PC3 collectively describe 42.8% 

of the variation in soil quality measures (Table 5.2), so there is no evidence that conversion 

to organics altered the bulk of the variation observed in soil quality indicators over the first 

seven years since conversion.  However, PC2 and PC4 did change a lot over the study 

period and differently between organic and conventional farms.  Together they account for 

29.1% of the overall variation in soil parameters.  The overarching conclusions are 

therefore that (a) conversion to organics does not affect most of soil quality measures, 

presumably those determined by soil type or deeply embedded in soil structure; and (b) 

that conversion to organics strongly affects a relatively secondary group of more labile soil 

quality features.  

The GLMM models found significantly higher levels of soil pH (0.003) and base 

saturation (0.016) in organic farms (Table 5.3). Similarly, organic sulphur was 

significantly higher in conventional farms (p=0.034; Table 5.3).  The main surprises were 

lack of evidence of change in soil carbon and nitrogen. Soil carbon is important because it 

provides an energy source for soil microbes to mineralise and immobilise N from organic 

sources and it affects many other soil properties (Van Kessel et al., 2000; Ribeiro et al., 

2010; de Vries et al., 2012). Many studies record higher SOC and N levels in organically 

managed soils (Clark et al., 1998; Liebig and Doran, 1999; Reganold et al., 2001; 

Stockdale et al., 2001; Mäder et al., 2002; Melero et al., 2006). The duration of my study 

(seven years) may have been too short for detectable changes (Ryan, 1999; Johnston et al., 

2009). However, New Zealand soils under long term pastoral land use may already be at 
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equilibrium and therefore not possible to store more soil carbon (Tate et al., 1997). 

Alternatively, different practices in New Zealand dairy farming may prevent or slow the 

emergence of soil C and N changes that are normally seen elsewhere.  

Olsen phosphorus (a measure of P immediately available for plant uptake) was already 

significantly higher on conventional farms before conversion and then remained about the 

same (3.0%) after 7 years. In contrast, it sharply declined by 30% in those farms that 

converted to organic (Table 5.2, Figure 5.4). Declines in potassium were also observed on 

organic farms, but potassium levels were almost similar before half of the farms converted 

to organic and it increased by 6.9% in the conventional farms (Table 5.2 Figure 3.5). 

Sodium and magnesium also showed weak BACI interaction relationships (p=0.066 and 

0.063) respectively (Table 5.2). Reduced available phosphorus was found in this study has 

been reported on organic farms by (Løes and Øgaard, 2001), and on New Zealand 

kiwifruit orchards (Carey et al. 2009). Reduced availability of potassium in organically 

farmed soils was also reported (Mäder et al., 2002). Nutrient budgets in organic systems 

generally show lower requirements for P and K (Nguyen et al., 1995; Watson et al., 2000; 

Oehl et al., 2002). Sulphur levels remained about constant on the organic farms, but 

increased considerably between Before and After samples on conventional farms. These 

changes are almost certainly related to strict organic certification requirements that 

prohibit applications of superphosphate fertiliser (which is high in P and S) and substitute 

rock phosphate in its place. This suggests that soil macro-nutrient levels are determined 

mainly by recent fertiliser inputs rather than soil type or the soil’s structural quality. If so, 

most of the changes observed to accompany the early stages of organic conversion are 

determined by rapid change in fertiliser applications rather than necessarily reflecting large 

changes in soil condition and structure. The unanswered and important question remaining 

is whether fundamental changes in soil structure will eventually emerge that transcend the 

immediate effects of shifts in soil fertilisation that were observed.  

 

5.4.3 Changes in soil biota following conversion to organics (Hypothesis 2) 

Organic farming has been shown to have a generally positive influence on soil biota 

abundance, biomass and diversity (Hansen et al., 2001; Mäder et al., 2002; Birkhofer et al., 

2008). However, in this study, earthworms and soil microbes were not greatly enhanced by 
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conversion to organic, at least as indicated by the interaction terms in GLMMs (my formal 

measure of an experimental effect). All types of earthworms were more abundant and 

reached higher biomass on organic farms before they formally set a strategy to go organic 

(Figures 5.6 & 5.7). The main farming system effects in the GLMMs were statistically 

significant and suggest that earthworms were on average higher on the organic farms when 

both Before and After samples are combined (Table 5.5).  However, this interpretation 

hinges on an assumption that whatever caused the higher earthworm abundance on organic 

farms in the Before sample is in some way associated with organic farming practices.  This 

might have been in soil types, stocking rate, soil fertilisation and quality, grazing and 

pasture management and/or overall farming philosophy being applied on the farm that are 

associated with a subsequent decision to formally certify as organic dairy farmers. 

Therefore the null Hypothesis 2 is tentatively accepted for earthworms.  

Why then did the abundance of endogeic and anecic earthworms rise so rapidly on 

conventional farms between Before and After samples, yet remain about the same in 

organic farms (Figure 5.7)?  And why did epigeic earthworms decline so much in the 

organic farms by the time of the After sample, despite being so much more abundant 

before conversion?   It may be that earthworm populations are generally more resilient on 

organic farms i.e. some factors like drought or toxic shocks from fertilisers may 

periodically knock-down earthworm abundance, but they resurge in abundance more 

rapidly in organic farms.  This potential interpretation exposes the main weakness of this 

study – that only two samples of earthworms are available for analysis.  We also lack a 

basic long term population dynamics study of fluctuations of earthworms in New Zealand 

and clear evidence of what affects their survival, reproduction, growth and community 

structure.  We cannot expect overseas studies to necessarily apply in New Zealand because 

the species here are all introduced. Over and again introduced species behave differently in 

New Zealand’s ecosystems than in their home country (Perley et al., 2001; Moller et al., 

2005). Also, earthworm species diversity is extremely reduced in New Zealand compared 

to elsewhere (Chapter 2).    

No evidence was found to support the assertion that converting to organic enhanced soil 

microbial biomass and activity and therefore in the meantime Hypothesis 2 has to be 

rejected for microbes. This contrasted evidence from literature indicating increased 

microbial biomass and activity in organic systems (Fließbach and Mäder, 2000; Glover et 
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al., 2000; Mäder et al., 2002; Carey et al., 2009). Even though these studies did not have a 

BACI experimental test, they often assert that converting to organic is synonymous with 

increased soil organic matter. As microbial biomass is sensitive to soil organic matter 

status (Melero et al., 2006) and responds more rapidly to soil changes (Sparling et al., 

1997), an increase was expected in the converting organic farms. However, in this study, 

there was no significant evidence that SOM itself increased significantly, at least within 

the top 7.5 cm of soil.  It is therefore not surprising that microbes apparently did not show 

strong shifts after organic conversion in my study.  

The significant increase in microbial respiration in the After samples on conventional 

farms was startling as it clearly indicated higher soil microbial activity. This suggests that 

any form of organic matter additions to land can affect microbial biomass and its activity 

in the same manner as organic farming inputs (Shannon et al., 2002; Böhme and Böhme, 

2006). Nitrogenous fertilization can also lead to a shift from a fungal dominated 

decomposition pathway to more bacterial dominated ones (Bardgett, 2005; Moore et al., 

2005). Therefore, the higher respiration rates that were observed on organic farms may 

have been caused by higher metabolic rates of the bacterial dominated decomposer 

community. Mineral nitrogen fertilization is likely to have been the main driver of 

increased milk production seen on the conventional farms in my study (Campbell et al., 

2012). Perhaps increased residue returns to land for decomposition provided soil microbes 

with their nitrogen requirements (Jenkinson et al., 1985) and stimulated their activity on 

my conventional farms?   

 

5.4.4 Relationships between soil quality and soil biota (Hypotheses 3 & 4) 

Many relationships between soil microbes and soil quality, especially nitrogen, were 

observed in this study (Table 5.8) and therefore Hypothesis 3 has to be accepted in the case 

of microbes.  The BACI interaction effects remained significant in the GLMMs even after 

microbial abundance and activity were accounted for, so Hypothesis 4 is also accepted for 

soil microbes.  Obviously many factors other than just soil quality determine microbial 

biomass, respiration and activity. 



 
 

186 
 

The determinants of microbial abundance and activity are important for many reasons. For 

instance, nitrogen losses from agricultural land are basically microbial driven (Müller et 

al., 2004; Schmidt et al., 2011). Likewise, soil microbes regulate N cycling (de Vries and 

Bardgett, 2012) and quickly respond to soil C and N (Bergstrom et al., 1998; Beyer et al., 

1999; Bardgett, 2005; Lützow et al., 2006). The apparent lack of a strong response in 

microbial biomass after conversion (Table 5.8) is consistent with finding no significant 

shift in PC1 (which is strongly influenced by organic C) after conversion (Table 5.2, 

Figure 5.3). Had microbes been associated more with the variables determining PC2 and 

PC4, big changes in microbes would have been expected as a result of conversion to 

organic? 

The lack of significant relationships with microbes and soil organic carbon in the present 

study was surprising. Microbial biomass is an important reservoir of plant nutrients 

(Marumoto et al., 1982) and an indicator of the capacity of a soil to supply nutrients to 

plants. Their use as sustainable land management indicators assumes that they give 

powerful predictions on soil C storage, N losses and even climate change impacts (Ostle et 

al., 2009; de Vries et al., 2012). Chapter 6 and my thesis synthesis (Chapter 7) will return 

to these important themes and suggest that microbial biomass and activity are potentially 

more powerful, albeit more technically demanding indicators of agricultural sustainability 

than are earthworms. 

Unlike for microbes, there were no strong associations demonstrated between soil 

properties and earthworms. This was surprising in view of the generally accepted claims 

that earthworms drive soil structure and quality to a large degree.  Certainly there were 

major shifts in pasture productivity when earthworms were introduced to New Zealand 

(Stockdill and Cossens, 1966; Stockdill, 1982), but my study could not detect predictive 

relationships with soil quality now they are in New Zealand pastoral systems. This is 

exactly what would be predicted if the role of earthworms is mainly to make more 

nutrients available for plant uptake rather than long-term alteration of soil structure and 

quality. 

Microbial activity can be stimulated from symbiotic relationships with earthworms which 

influence their biomass and activity (Postma-Blaauw et al., 2006; Lubbers et al., 2013), 

and vice versa. It is therefore doubly surprising that no association of earthworms and soil 
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quality were found (Table 5.8), and no correlation between microbes and earthworms 

either (Appendix 5.1).  

The acceptance of Hypothesis 4 indicates that many factors influence soil quality and soil 

biota, so they do not constantly associate as conversion to organics progresses.  A mass of 

bi-directional feedback loops are surmised to affect soil quality and soil biota in Figure 

2.11. It is therefore hardly surprising that several other features and outcomes of 

converting to organic farming will come into play.  This emphasises the rather obvious 

point that agronomists must treat farms as complex adaptive systems and avoid reliance on 

simple and imagined causal links to recommend more sustainable farming strategies. It is 

important to remember that my statistical models did not prove or disprove causal linkage: 

they just tested covariance (association) between variables that might have come about by 

a variety of indirect and deeply correlated features of soil ecosystems. 

 

5.4.5 General conclusion: is soil management on organic farms more sustainable? 

This study of changes in soil as farms convert to organic dairying was better replicated 

than many of the organic-conventional comparisons reported in the literature.  It also had 

the salient advantage of testing causation by tracking changes in soils as experimental 

change in farming systems occurred. Nevertheless, its conclusions must be treated with 

considerable caution, partly because time since conversion was relatively short compared 

to the expected long-term ecosystem changes that might be expected; and partly because 

sampling was fragmented and large temporal fluctuations in soil quality were detected.  

Nor was there a crisp experimental perturbation (instant conversion to organic styled 

farming) on study farms.  It is obvious that those farmers choosing to take up the Fonterra 

organic milk supply contracts in 2005 were already farming in different subtle yet 

important ways from their neighbours.  The most telling other indicator of this organic 

propensity was milk production itself which was already around 10% lower before the 

farms formally started organic conversion (Norton et al., 2012; Campbell et al., 2012).  

Obviously researchers cannot follow the normal agronomic experimental approach of 

selecting a random number to direct whether this or that whole farm converts to organic or 

stays in a conventional panel.  
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My rather ‘messy’ real-life farm conversion study therefore signals two main cautions for 

the wider and global research effort to test the consequences and sustainability of organic 

farming.  Firstly, many of the discoveries of differences in sustainability indicators 

between already converted organic farms and their conventional neighbours (e.g. see Hole 

et al. 2005 review) may not be causally linked to the specifics of organic farming at all.  

Perhaps there are permanent features of the land that predetermine whether organic 

methods are likely to be adopted and it is those preconditions that drive some or even 

many of the observed differences that researchers are assuming to reflect the organic 

methods themselves.  Secondly, the specific restrictions codified into organic certification 

may not be the direct drivers of change in soil properties even if organic methods 

indirectly cause changes.  For example, it was speculated that reduced trampling by cattle 

may reduce soil compaction (Link 23; Figure 2.11).  Lower stocking rate may be an 

emergent property of sound farming practice where grass growth is not hyper stimulated 

by liberal application of artificial fertilisers. The influence of several indirect feedbacks on 

organic farm performance makes it a lot more difficult to target specific interventions in 

organic practice to lift overall sustainability performance.  Simple rules of thumb, like 

prohibition of synthetic fertilisers, may have multiple diffuse effects that can be enhanced 

by more targeted and additional smart farming inputs.  So far we lack a detailed 

knowledge of the way New Zealand agro-ecosystems function and the logistical challenges 

of mounting whole farm experiments like the one described here clearly demonstrate that 

complexity will slow discovery of how to enhance organic farming to better future-proof 

its sustainability. For example, more targeted and direct interventions to promote soil 

biodiversity could improve organic farm performance (Bengtsson et al., 2005). My results 

from the intensely managed paddocks in Waimate (Chapter 2) provide strategies for 

promoting earthworm abundance that can be equally applied in both organic and 

conventional systems, but these may be particularly useful or effective for promoting biota 

on organic farms where they are released from toxic shocks from frequent and high 

fertiliser inputs (link 8 in Figure 2.11).     

Reduction in phosphorus and potassium seven years after conversion potentially threatens 

pasture production, milk productivity and profit from organic farms.  More long-term 

study is needed to test whether this is a significant threat. Phosphorus additions may be 

required to avoid further decrease as it is an important nutrient with low recovery rate and 

finite availability (Smil, 2000).  Application of organic material with larger C:N and C:P 
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ratios to build soil fertility levels, while still abiding with current organic standards 

AssureQuality (2010), may be necessary.  

However the rapid emergence of a more structured soil with lower bulk density is 

encouraging.  The supreme caveat from my results relates to the way my soil quality 

sampling has been mainly restricted to the top 7.5 cm of the soil.  This convention of New 

Zealand agronomic research and practical soil management ignores the likely possibility 

that long term soil health is driven in large part from the fluxes of soil nutrients and biota 

from the lower to the top layers of the soil where roots are concentrated.  Certainly the 

capacity of the deeper layers of the soil to absorb and store water and remain well aerated 

is potentially crucial components of soil systems resilience. It may be that the initial years 

of conversion to organics mainly triggers a building of lighter more structured soil at the 

very top of the profile. Alternatively the main benefits or threats to soil sustainability may 

be occurring deeper down and will have been largely missed in my study. For example, the 

surprising lack of evidence of carbon accumulation on my organic study farms may result 

from my only measuring the rapid adjustment of soil being added to the top 7.5 cm rather 

than real accumulation deeper in the profile.  Lorenz and Lal, (2005) showed that SOC 

changes resulting from management changes can occur deeper in the soil profile.  A more 

comprehensive study of soil changes in successively deeper soil strata is urgently needed.             

The study experimental farms were scattered in a large geographical area of New Zealand 

covering several soil types. Although this was advantageous in increasing the study’s 

applicability and ‘zone of inference’ to cover the full range in land forms, soils, climate, 

and regions where New Zealand dairying occurs, this spread also potentially undermined 

power to detect experimental effects. ARGOS’s whole farm approach contrasts with 

experiments done in small plots on the same paddocks.  Tight experimental control on 

restricted areas and artificial management conditions often show large differences 

(Bengtsson et al., 2005) which were less evident in my study.  The two differently scaled 

approaches are complementary: what ARGOS lost in experimental control it gained by 

tracking the consequences of holistic organic farm practice in real-life (Campbell et al. 

2012). The role of farmer orientations, knowledge and decisions concerning soil nutrient 

management are just as important in determining overall outcomes as the fine scale 

ecological and biophysical consequences of adopting organic inputs.  My next chapter will 

discuss how farmers relate to their land, soil organisms and nutrient management.  
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Chapter 6: Dairy farmer soil, effluent and irrigation management for 

sustainability: priorities, monitoring 

Abstract  

In recent years, science has produced compelling results supporting the exploitation of 

earthworms and soil microbes as a solution to increase agricultural efficiency while 

decreasing environmental problems. However, application in the field is entirely 

dependent on farmers’ knowledge.  This study therefore aimed at assessing current soil 

management practices in enhancing soil quality and farmer knowledge and willingness to 

monitor and manage earthworms and soil microbes towards attaining this goal. The study’s 

discussion is based on 34 responses from 45 questionnaires mailed to dairy farmers in 

Waimate District of New Zealand between April and July 2013. The contribution of soil 

quality to the overall success of the farm was demonstrated, and farmers indicated 

irrigation and effluent dispersal management regimes as practices that enhance soil quality, 

earthworm numbers and soil microbes. Furthermore, scientific results and farmers’ 

knowledge both indicate that earthworms and soil microbes have a positive effect on the 

provision of soil ecosystem services and that they are responsive to management. For 

example, their management may reduce inputs and improve the farmers’ management 

conditions but gaps linking this connection with soil quality management in the farm scale 

level were evident. Farmers entirely rely on fertilizer company experts for nutrient 

analysis, who in turn rely on science for soil nutrient requirements. This lack of direct links 

exposes a lapse in the side of science which has produced significant results supporting 

soil biota as driving soil ecosystem services. Farmers are willing to use earthworms and 

soil microbes in future soil management programs. This creates an urgent need for 

scientists and policymakers to actively involve farmers in developing specialised, reliable 

and less technical soil monitoring and management tools for adoption. A key finding of 

this study therefore is that farmers’ knowledge can help in prioritizing research options in 

order to harmonise scientific gaps to produce relevant knowledge applicable to field 

conditions. 
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6.1 Introduction 

Traditional and Local Knowledge (TLK)
10

 has been of great value in developing countries 

to maintain and manage soils for sustainable agriculture, and more generally to manage the 

environment and resources in a sustainable way (Sillitoe, 1998). The practical knowledge 

of natural resource users like farmers has traditionally been learnt by doing and passed on 

within family generations (Walters and Holling, 1990; Berkes et al., 1995; Berkes et al., 

2000). In developed countries, farmers have readily adopted scientific knowledge into their 

soil and wider farm management practices (Morgan and Murdoch, 2000) so mix of 

agronomy and TLK is due to make farm management decisions. Science is considered by 

many observers to be more reliable and generally applicable than TLK for guiding 

sustainable environmental management and production (Moller et al., 2009; Stephenson 

and Moller, 2009), while others have asserted that uncritical adoption of reductionist 

science is an important cause of unsustainability in some industrial-scale agriculture e.g. 

soil degradation, pollution, loss of biodiversity. The Convention on Biological Diversity 

and Millennium Assessment both emphasise the need to incorporate TLK into land and 

resource management. Emphasis on technical fixes based on expert’s knowledge might 

leave little space for farmers input and discourage transmission and trust of TLK that is 

tuned to local farming conditions.  

The importance of farmer knowledge for sustainability has long been emphasised but 

recently there have been growing calls for it to be “rediscovered” and reinserted into 

farming where science has displaced it (Röling and Jiggins, 1994; Winter, 1997). The 

recent Intergovernmental Platform on Biodiversity and Ecosystem services (IPBES) has a 

special initiative in place to combine science and TLK to promote ecosystem services.  

This component of my thesis applies this general approach to explore the scope for 

including TLK and science approaches to promoting soil quality and important biota, 

especially earthworms and soil microbes for sustainable dairy production in the Waimate 

district of southern New Zealand, 

Adoption of sustainable practices be they scientific or based on learning by doing requires 

accurate observation, monitoring and judgement (Röling and Jiggins, 1994; OECD, 2001; 

                                                           
10

 In this chapter I have collected Traditional Ecological Knowledge, Local Knowledge, Farmer knowledge 
and Artisanal Knowledge into the one package of TLK.  Scholars using these various terms emphasise 
different nuances and components of knowledge, but they share a “learning by doing” and 
intergenerational transfer of how to manage (or in my case, to farm) sustainably.  



 
 

192 
 

Coughenour, 2003). Successful management will greatly depend on how well farmers 

understand the ecological elements of the agro ecosystems (Tilman et al., 2002). Farmers 

and farms are recognised as the main ‘site of action’ for sustainability and resilience even 

though main shocks and drivers can occur at increasingly distant parts of world food 

supply chains (Darnhofer et al., 2010). Involvement of farmers in sustainable choices is 

particularly important (Menzel and Teng, 2010), just as participation is seen fundamental 

to promote “environmentality” (Agrawal and Lemos, 2007). Incorporation of farmer 

knowledge is also seen as driving in practicality and relevance, a grounding in the “real 

world” of application (WinklerPrins and Sandor, 2003; Moller and MacLeod, 2013). 

Farmers themselves place value in their own knowledge and experiences for making smart 

and wise management decisions (Lyon, 1996; Beedell and Rehman, 2000; Percy, 2005) 

Knowledge is not in itself sufficient to ensure sustainable farming; it also requires capacity 

and willingness to intervene when and where necessary. It is therefore essential to 

understand farmer motivations, values, perspectives of priorities (Carr and Wilkinson, 

2005; Eshuis and Stuiver, 2005; Carolan, 2006) and the way they integrate these into day 

to day farming routines (Gillmor, 1986; Carr and Tait, 1991). Action and optimisation of 

agriculture could be blocked by financial constraints, infrastructure and time, as well as the 

need to trade-off longer term sustainability investments against the need to maximise short 

term production and profit.  Environmental orientation and commitment to sustainability 

will potentially be the prime determinant of whether efficient nutrient management, 

irrigation and soil quality management is applied.  

Unlike in the European Union, where fertilizer applications are under strict and regulated 

prescriptive plans (Bateman et al., 2006), fertilizer use on New Zealand farms is less 

regulated. This makes it all the more important that New Zealand farmers and agricultural 

advisers apply optimal fertiliser and soil quality management protocols. In practice, 

farmers in the New Zealand dairy industry rely on intensive use of ecological subsidies 

like fertilizers and irrigation water (PCE 2004, MacLeod and Moller 2006; Chapter 2-4 of 

this thesis). Redistribution of cattle excrement to paddocks is an added management 

challenge, partly to capture production efficiencies through soil fertilisation and partly to 

prevent the nutrients leaching into natural waterways where they threaten biodiversity and 

environmental quality (reviewed by Moller et al. 2008). The latest review of such best 

fertilizer management programs in 2007 incorporated consideration of nutrient budgets, 

management plans, effluent spreading, cadmium contamination, nitrate management, GHG 
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emissions, increased fertilization, water quality issues, climate change concerns, market 

indicators and public expectations (NZFMRA, 2007). The role of soil organisms was not 

included, even though scientific evidence suggests that earthworms and soil microbes play 

important roles in the provision of ecosystem services in agro ecosystems (Mikola et al., 

2002; Wardle et al., 2004; Baker et al., 2006).  

The awareness, knowledge and value farmers attach to soil management, earthworms, soil 

microbes have not received much interest in soil management research.  Nor has there 

been research reported on the trust and level of understanding of scientific methods of soil 

management by New Zealand dairy farmers. ‘Overseer’ is an example of a highly 

acclaimed scientifically-based fertilizer management tool which I will investigate in this 

chapter.  It is, a free model made available to all farmers (Wheeler et al., 2003; Monaghan 

et al., 2007a) and is heralded as an important tool for reducing fertiliser use to the 

minimum required to secure sustainable production (PCE 2004). Scientific publications 

(Ledgard et al., 2003; MacLeod and Moller, 2006; Monaghan et al., 2007b) and social 

commentaries (see Box 1.1 and 1.2) increasingly express concern that farmers may not be 

managing the soil resource sustainably, that some soils may be over-fertilised, or that soil 

quality may be declining. 

This PhD combined natural and social sciences to gain a more holistic understanding of 

current barriers and enablers for improved soil management in South Island, New Zealand, 

dairy farms. This chapter, reports the results of a simple questionnaire of the farmers’ 

current practice, knowledge and priorities in soil management.  As the same farmers 

questioned had granted access to their land for my science studies (Chapters 2-4), the study 

presents an unusual opportunity to compare the scientific findings with the farmers’ own 

TLK about the effects of irrigation and effluent dispersal on earthworms and soil microbes. 

Here, farmer awareness of soil quality, factors underlying their interactions with soil and 

motivation to make soil management decisions with respect to irrigation and effluent 

dispersal were investigated. Specifically, the study predicted that: 

 Farmers are aware of earthworms, soil microbes and their roles in soil functioning 

and how they are impacted by irrigation and effluent dispersal soil management 

regimes (hypothesis 1). 

 Farmers are willing to adopt earthworm and soil microbe management options for 

sustainable soil management (hypothesis 2). 
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 Farmers are conversant and appreciate the use of nutrient models in soil 

management (hypothesis 3). 

 The mix of TLK and scientific knowledge is necessary in monitoring and 

managing soil quality and biota (hypothesis 4). 

 

 

This study hoped to identify strategies for improved application of soil, irrigation and 

effluent dispersal management and monitoring. The next and last section of this thesis 

(synthesis) will consider the relative utility and support for TLK and scientific indicators 

of soil quality.  The ultimate goal is to support the efficient and sustainable soil 

management on New Zealand dairy farms. 

 

 

6.2 Methods 

6.2.1 Study Area and farmer recruitment 

This survey was based mainly on responses to a questionnaire sent to the 45 farmers who 

participate in the Morven Glenavy Ikawai Irrigation Company, the Wamate District of 

South Canterbury (New Zealand).  All respondents were either owners and/or managers of 

the studied irrigated and unirrigated dairy farms and all had mandatory systems in place 

for collecting and storing excrement from milking sheds and their yards.  The effluent was 

then redistributed on some of the paddocks either in conjunction with irrigation or 

separately (Chapters 2 & 3). Please refer to the detailed descriptions of the study farms in 

Chapter 2 and Tables 2.1 and 2.2 for background. A map of the study area is provided at 

Fig. 2.1. 

Importantly, my recording and soliciting of the TLK of farmers about soil quality, 

earthworms and microbes was requested by the farmer leaders (MGI Directors) 

themselves.  A preliminary letter to the farmers stated a research interest in learning from 

them about the roles of earthworms and soil microbes in nutrient, irrigation and effluent 

dispersal regimes. Therefore the putative importance of earthworms and microbes had 

been generally suggested to the respondents before inviting their responses and the survey 

cannot be considered to be totally unprompted. The farmers and MGI directors were 
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excited by becoming part owners of the findings and having their TLK set alongside the 

scientific studies described in Chapters 2-4 of this thesis. 

The questionnaire was comprised of 30 multiple choice questions, designed after some 

trials to take no longer than 25 minutes to complete. Where the response did not require a 

Yes or No answer, it elicited a response from a standardised five-point scale to 

demonstrate ordinal (rank) agreements to several propositions (examples are Box 6.1 and 

the entire Questionnaire is recorded in Appendix 6.1). A blank space was left after each 

question for respondents to give an open ended response or clarification. The study survey 

was approved by the University of Otago Ethics Committee (Permit 11/287) and all 

participating farmers were given informed written consents, had their anonymity 

guaranteed and were reminded that they need not participate and can stop at any stage of 

the questionnaire or refuse to answer certain questions.  

I sent out 45 questionnaires with pre-addressed and pre-stamped return envelopes. I 

received 26 responses after 6 weeks; and then made a second mailing to those who had not 

responded.  A further eight responded, leading to a combined return of 76% (34/45) of the 

questionnaires. Some respondents did not respond to every question and therefore the 

percentages reported in the analysis are for individual questions. The questionnaire was 

specifically tailored for those farmers who irrigate their land and spread effluent. However, 

four of the respondents did not irrigate their land and their responses were excluded when 

analysing questions requiring irrigation (those four farmers spread effluent in their farm).  
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1 Question How much do you agree or disagree with the following statement? (Please tick one choice from each row). 

 

Statement  Irrigation increases soil quality 

Choices Strongly agree  Agree Neither agree nor 

disagree 

Disagree Strongly disagree 

2 Question What do you consider less or more important in contributing to the economic, social and 

environmental success of your farm?  (Please tick one choice from each row) 

 

Issue Soil quality 

Choices Very Important Important Neither important nor 

unimportant  

Unimportant Very unimportant 

3 Question How often do you take the following into account on whether to fertilize or not? (Please tick one choice in each row) 

 Factor Cost of fertilizer 

Choices Always Most times Sometimes Occasionally Never  

4 Question The following are roles played by soil microbes in soil. In your opinion, how much do soil microbes enhance soil 

quality in each role?  

Role Soil microbes play a role in soil organic matter decomposition  

Choices A lot A little Moderately Not at all Do not know 

5 Statement Here are some soil indicators used by soil scientists to describe the health of soil; please tick one choice from the 

displayed range for each row to describe your level of familiarity with that indicator 

Indicator  Bulk density 

Choices I have never heard of 

this indicator 

I have only heard about 

this indicator but I do 

not know how it is 

used to assess soil 

quality 

I have heard of this 

indicator and I know 

little about how it is used 

to assess soil quality 

I know a lot about 

this indicator and 

how it used to 

assess soil quality 

Not sure 

Box 6.1 Sample questions of the 5 point scale measurements as was used in the questionnaire to obtain farmer views. 
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6.2.2 Data Analysis  

Responses were analysed by Genstat (Release 16) software for windows statistical 

program. As scores were ordinal rather than numerical scales, statistical tests for 

differences in responses to different issues were based on comparing frequency 

distributions. With just 34 (maximum) responses spread across 5 categories of response, 

statistical testing of differences in responses to different questions is necessarily crude and 

the power of my tests for variation in perception between issues will have been low.   

In some cases I tested whether the number of farmers scoring above “neutral” (e.g. 

“Neither agree nor disagree”) differed from was significantly different from the number 

scoring above neutral for a given question i.e. a random expectation of equal number of 

respondents scoring agreement or disagreement with the proposition (a simple Chi-squared 

test was used).   

In other cases I tested whether the proportion scoring ‘above’ cf. ‘below’ neutral differed 

significantly for a given salient pair of questions (a two way contingency table was used). I 

tested for such differences using the Wilcoxon Matched Pairs tests because the same 

farmer answered both questions in the comparison.  

 

6.3 Results 

6.3.1 Overall importance of soil quality, irrigation and effluent relevant to other 

concerns in the farm 

Farmers emphasised the importance of soil quality, animal health and welfare, animal 

production and pasture management in contributing to the overall economic, social and 

environmental success of their farming operation (Table 6.1, Figure 6.1).  Overall, 65% of 

respondents ranked soil quality as very important (Table 6.1). Although effluent and 

irrigation were not ranked as very important by majority of farmers, their overall rank for 

either very important or important was 93% and 92% respectively and significantly 

different from those scoring it as unimportant or very unimportant (p=0.050 for effluent 

and p=0.037 for irrigation10; Table 6.1). Moreover, majority of the respondents (77%) 

either agreed or strongly agreed that irrigation increases soil quality (Table 6.2). An even a 

higher percentage (87%) consider that effluent dispersal increases soil quality and 84% 
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agreed that both irrigation and effluent have multiple (synergistic) effects on soil quality 

(Table 6.2).  

Overall 89% and 87% of respondents either agreed or strongly agreed that irrigation and 

effluent dispersal increased the number and/or the activity of earthworms respectively 

(Table 6.2). This number was significantly different from those scoring disagree or 

strongly disagree to the question (P=0.011 for irrigation and p=0.039 for effluent; Table 

6.2). This was in contrast with only 66% of respondents agreeing or strongly agreeing that 

irrigation promotes soil microbial activity (Table 6.2). The difference between the 

earthworm and microbial question responses was highly significant (Appendix 6.2, 

Wilcoxon Matched Pairs test p=0.016).  

 

6.3.2 Goals for soil fertilizer management and its practice 

Majority of the respondent’s fertilization goal is to minimise the amount of fertilizer added 

to land, maintain current soil quality and to build soil fertility for future productivity, with 

no farmer adding fertilizer more than recommended (Table 6.2). The difference between 

deliberate fertilization question and other fertilization strategies was highly significant 

(Appendix 6.2; Wilcoxon Matched Pairs test p <0.001). In actual fertilization, majority of 

the respondents take account of whether (i) the paddock receive effluent or not (i) soil test 

recommendations, and (i) stocking rate. Unlike effluent, only slightly more than half of 

respondents took account of irrigation though it was not significant (p=0.344, Table 6.3).  

Even though majority of farmer respondents’ goal of fertilization is to minimise costs 

through reduction of fertilizer additions (Table 6.2), it is not reflected in the actual 

fertilization where as farmers do not significantly consider fertilizer costs in making this 

important decision (p=0.974; Table 6.3, Figure 6.2). This observation suggests that farmers 

are prepared to enhance their soil quality as much as the cost can allow.  

Nutrient management models underpinned the farmers’ fertilization decision majority 

respondents (88%) used nutrient models in fertilization management programs (Table 6.5), 

and more than half of the farmers used “Overseer” model most times with a further 22% 

(Table 6.3).  
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Farmer familiarity of soil quality indicators as used by scientists was highest in soil pH, 

moisture and nitrogen (Table 6.4). The familiarity for soil porosity, bulk density, soil 

thatch, microbial biomass potential mineralisation nitrogen and soil respiration (CO2 

released) – biological indicators of soil quality was very low (Table 6.4). Over 64% of 

farmers responded to at least knowing a little about the use of earthworms (density and 

biomass) in indicating soil quality compared to over 70% of respondents who had either 

never heard of or only heard of soil microbial biomass (Table 6.4), and this difference was 

significant (Appendix 6.5, Wilcoxon Matched Pairs Test p<0.001).  
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  Table 6.1 Important factors contributing to the social, economic and environmental success of the farm. This analysis is from the question 

“What you consider to be more or less important in contributing to your own success and that of your farm in economic social and 

environmental terms over the past five years?” (Question 2 of Appendix 6.1) 
Statement %Response     

 Very 

important  

important Neither 

important nor 

unimportant 

unimportant Very 

unimportant 

n=34 P value testing 

asymmetry
†
 

Soil Quality 100     34 0.012 

Animal health and welfare 100     34 0.010 

Water quality in nearby streams/waterways 84   16  32 0.034 

Animal production 100     33 0.010 

Pasture management 100     34 0.013 

Stock management (buying, selling, stocking rate, 

flushing, finishing) 

91   9  34 0.027 

Effluent storage and dispersal 93   7  30 0.050 

Irrigation water supply, storage and use 92   8  25 0.037 

The number and varieties of bird species 

frequenting the farm 

27   45 27 33 0.790 

The number and varieties of tree species apart 

from pasture 

44   41 15 34 0.299 

Number and varieties of invertebrates species 44   41 15 34 0.346 

Time to participate in community activities 74   21 5 34 0.019 

Scope of farm to be inherited by family members 82   18  34 0.038 

†
 Simple Chi-squared p-values whether the number scoring very important and important differ from that scoring unimportant and very unimportant  
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Table 6.2 Farmer views on soil quality and farm soil management (how it is impacted by irrigation and effluent and their overall goal of 

fertilisation (Question 1 and Question 4 of Appendix 6.1)). 
Issue Statement %Response   

  Strongly 

agree 

Agree Neither agree 

nor disagree 

Disagree Strongly 

disagree 

n=34 P value testing 

asymmetry
†
 

Ir
ri

g
at

io
n

 a
n

d
 e

ff
lu

en
t 

d
is

p
er

sa
l 

Irrigation increases soil quality 23 55 19   31 0.014 

Irrigation increases number/activity of earthworms 25 66 9   31 0.011 

Irrigation promotes soil microbial activity 13 53 27 7  30 0.035 

Effluent dispersal increases soil quality 35 52 6 6  31 0.060 

Effluent dispersal promotes earthworm numbers/activity 42 45 10 3  31 0.039 

Both effluent and irrigation has multiple effects on soil 

quality 

31 53 16   32 0.009 

Irrigated paddocks with effluent have higher quality 

pasture than non-effluent but irrigated paddocks 

13 29 48 10  31 0.166 

I leave cows to graze for longer in effluent paddocks 

than non-effluent paddocks 

3 10 27 47 13 30 0.075 

I spread effluent to prevent it from reaching waterways 3 10  43 43 30 0.019 

I spread effluent as a viable nutrient resource 42 55 3   31 0.007 

O
v

er
al

l 
g

o
al

 
o

f 

fe
rt

il
iz

at
io

n
 

My goal is to maintain the current soil quality levels 47 32 6 15  34 0.016 

My goal is to build soil fertility levels for raising future 

productivity 

38 44 12 6  34 0.013 

My goal is to arrest/stop previous soil quality decline 19 53 19 9  32 0.044 

My goal is to try to minimise how much fertilizer I add 

to the soil 

24 52 15 9  33 0.015 

I deliberately add more than recommended to ensure 

high production 

  15 48 36 33 0.021 

† 
Simple Chi-squared p-values whether the number scoring  strongly agree and agree differed from that scoring strongly disagree or disagree 
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Table 6.3 Factors farmers often take into account when making fertilization decisions, and what they check for in earthworm indication in the 

paddocks and the usage and reliability of nutrient management models (Question 3 and Question 9 of Appendix 6.1). 

Issue Farmer action Frequency action taken into account  n=34  

  Always Most times Sometimes Occasionally Never  P value testing 

asymmetry
† 

M
o
ti

v
at

io
n
 t

o
 f

er
ti

li
ze

 

Recommendations from soil tests 50 47 3   34 0.017 

Cost of fertilizer 9 29 29 18 15 34 0.974 

Whether the paddock receives irrigation water or 

not 

22 26 33  19 27 0.344 

Whether the paddock receives effluent or not 50 30 20   30 0.032 

Stocking rate 33 39 15  12 33 0.013 

Whether the paddock has been infested by weeds or 

not 

6 9 25 6 53 32 0.076 

Weather/season 24 29 32 6 9 34 0.305 

E
ar

th
w

o
rm

 

ch
ec

k
s 

Recording their numbers 14 7 7 7 64 28 0.099 

Checking for presence/absence of earthworm casts 14 39 14 7 25 28 0.856 

Checking for number and size of earthworm 

burrows 

 11 39 11 39 28 0.372 

Digging an inspection hole for earthworms 35 26 16 13 10 31 0.186 

N
u

tr
ie

n
t 

m
o

d
el

s 

How often do you use nutrient models 22 48 22 4 4 27 0.027 

How reliable are nutrient management models 17 38 45   29 0.213 

† 
Simple Chi-squared p-values whether the number scoring always and most times differ from that scoring occasionally and never 
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Table 6.4 Farmer familiarity of soil indicators as used by scientists and soil consultants to describe soil quality (Question 5, Appendix 6.1) 

Indicator  Level of awareness    

 I know a lot about this 

indicator and how it is 

used to describe soil 

quality  

I have heard of this 

indicator and I know a 

little about how it is 

used to asses soil 

quality 

I have only heard about 

this indicator but I don’t 

know how it is used to 

assess soil quality 

I have never 

heard of this 

soil 

indicator  

Mean 

score  

n=3

4 

P value 

testing 

asymmetry
† 

Total carbon content 6 41 28 25 1.3 32 0.289 

Total nitrogen content 53 35 3 9 2.3  34 0.013 

Bulky density 13 28 50 9 1.4 32 0.078 

Soil moisture 71 24 3 3 2.6 34 0.016 

Soil porosity 18 50 21 12 1.7 34 0.025 

pH (Acidity or alkalinity) 79 15 3 3 2.7 34 0.012 

CO2 released (Soil 

respiration) 

 24 41 35 0.9 34 0.052 

Potential mineralisable 

nitrogen 

6 21 41 32 1.0 34 0.141 

Soil thatch 6 35 32 26 1.2 34 0.506 

Earthworm biomass and 

density (numbers and 

weights) 

29 35 32 3 1.9 34 0.067 

Microbial biomass  26 56 18 1.1 34 0.215 

† 
Simple Chi-squared p-values whether the number scoring  option 1 and 2 differed from that scoring option 3 and 4 

.  
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 Figure 6.1 Factors farmers consider important in contributing to the overall farm success. (Responses from the question “What you consider 

to be more or less important in contributing to your own success and that of your farm in economic social and environmental terms over the 

past five years?” (Question 2 of Appendix 6.1) 
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Figure 6.2 Factors which farmers said they take into account when making soil fertilization decisions from the question “how often do you take 

the following into account on whether to fertilize your land or not?” (Question 3 of Appendix 6.1).  
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6.3.3 Farmer views on managing and monitoring earthworms and soil microbes 

Biodiversity ranked low in determining the farm’s overall success (Table 6.1). However, 

the findings demonstrate the farmers ‘awareness of the importance of earthworms and soil 

microbes in enhancing soil quality (Table 6.5, Figure 6.3). The majority respondents were 

well aware of the benefits of earthworms in providing soil services like soil aeration, water 

regulation, soil organic matter decomposition, soil mixing, nutrient cycling and 

participation in soil food chains (Table 6.5). Surprisingly, over 80% of the respondents 

were aware of earthworms playing some role in stimulating microbial activity (Table 6.5).   

Farmer awareness of roles played by soil microbes was significantly lower than that of 

earthworms for soil aeration, water regulation and soil organic matter decomposition 

(Wilcoxon Matched Pairs Tests; Appendix 6.3). Only 6% of the farmers currently manage 

or monitor soil microbes on their properties compared to 71% who use earthworms as an 

indicator of soil quality (Table 6.6). Respondents were not aware of changes in microbial 

measurements with irrigation or effluent dispersal soil management practices, but some 

had noticed changes in earthworms (Table 6.5). Further 56% of respondents encourage 

earthworms in their properties. One farmer actually said he spreads effluent to as much 

area of his farm as he can just for this purpose. However, management and monitoring was 

on occasionally characterised with mostly digging an inspection hole and checking for 

casts (Table 6.3).   

The majority (89% and 83%) of farmers are certain of their willingness to use earthworms 

and soil microbes respectively in future soil quality management practices (Table 6.7). The 

willingness to manage earthworms is not significantly different from the willingness to 

manage soil microbes (Wilcoxon Matched Pairs test p <0.180; Table 6.7). Benefits which 

farmers agreed would be accrued from this management include the reduction of external 

inputs use thereby reducing operating costs, as a way of supporting and enhancing 

ecosystem health (Table 6.8, Figure 6.4). Despite this willingness to use soil biota, farmers 

agreed to the lack of knowledge and skills of the management and monitoring methods 

required but were in agreement that it is technically and economically feasible (Table 6.8). 

The difference between the respondents agreeing and those disagreeing for these questions 

on future earthworm and soil microbial use was significant (Table 6.8). 
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 Table 6.5 Farmer familiarity of roles earthworm and soil microbe play in enhancing soil quality. The frequencies are from the (question 6 and 

18 in appendix 6.1); “Below are some roles by which earthworms and soil microbes improve soil quality. Please tick one choice to express your 

opinion on how much they improve soil quality”  

Soil 

organism 

Role Frequency   

  A lot Moderate A little Not at all Don’t know n=34 P value 

testing 

asymmetry
†
 

E
ar

th
w

o
rm

s 
 

Soil aeration 76 18 3  3 34 0.016 

Water regulation  53 21 12  14 34 0.084 

Create channels for root growth 32 23 26  17 34 0.174 

Soil formation and mixing 53 23 21  3 34 0.012 

SOM decomposition 71 15 9 3 3 34 0.011 

Nutrient cycling 44 18 29 3 6 34 0.144 

Stimulate microbial activity 29 35 18 9 9 34 0.119 

Burry and shred plant residues into 

humus 

29 35 12 3 21 34 0.108 

M
ic

ro
b
es

 

Nitrogen fixation 41 34 9 3 12 32 0.052 

Water retention 15 24 30 9 21 33 0.628 

Moisture maintenance  27 33 18 3 18 33 0.067 

Plant structure and succession 12 33 18 9 27 33 0.378 

SOM decomposition 39 45 12  3 33 0.045 

Soil formation 22 31 3 3 41 32 0.074 

Nutrient cycling 27 24 21 3 24 33 0.390 

Soil aeration 18 18 15 3 45 33 0.170 

Food source for soil organisms 21 21 21 6 30 33 0.973 

Chemical degradation in the soil 6 19 13 3 60 32 0.156 
†
 Simple Chi-squared p-values whether the number scoring a lot and moderate differ from that scoring a little and not at all 
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Figure 6.3 Farmer familiarity of roles earthworm and soil microbe play in enhancing soil quality. (This figure corresponds to responses to the 

question; “Below are some roles by which earthworms and soil microbes improve soil quality. Please tick one choice to express your opinion 

on how much they improve soil quality” (Question 6 and 18 in appendix 6.1)).   
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Table 6.6 Management and monitoring of earthworms and soil microbes by farmers (how management practices impact earthworms and soil 

microbes in their farms (Question 6 & 18 of Appendix 6.1) 

Current practice in usage of earthworms,  

soil microbes and Overseer model 

Frequency  

 Yes No Not sure n=34 

Use earthworms in indicating soil health 71 26 3 34 

Knowledge of earthworm species names  94 6 18 

Actively encouraging earthworms 56 15 29 34 

Noticed earthworm changes in irrigated paddocks 42 19 38 26 

Noticed earthworm changes in effluent paddocks 39 32 29 28 

Opinion of birds as a threat to earthworms  28 41 31 32 

Use microbial activity in indicating soil health 6 88 6 33 

Microbial changes in irrigated land 11 11 78 19 

Microbial changes in effluent paddocks  14 86 22 

Use of Overseer/other model 88 6 6 32 

Anything worth adding to model to improve usage 21 29 50 28 
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Table 6.7 Farmer willingness to manage and monitor earthworms and soil microbes in future  (question 12 for earthworms and Question 20 for 

soil microbes in Appendix 6.1). The willingness of using earthworms is not significantly different from that of using soil microbes (Wilcoxon 

Matched pair test p=0.180).  

Earthworms  Soil microbes  

Will certainly 

use 

May use Have no 

intention to use 

Not sure Will certainly 

use 

May use Have no 

intention to use 

Not sure p-value 

58 32   11 17 66 7 10 0.180 
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Table 6.8 Farmer views on possible benefits of managing earthworms and soil microbes (farmer responses from the question of potential 

benefits that can be accrued from managing and monitoring earthworms and soil microbes in their properties (Question 23 of Appendix 6.1)). 

Issue Statement %Response n=34  

  Strongly agree Agree Neither agree 

nor disagree 

Disagree Strongly 

disagree 

 P value testing 

asymmetry
†
 

M
an

ag
em

en
t 

o
f 

ea
rt

h
w

o
rm

s 
an

d
 m

ic
ro

b
es

 

Management and monitoring of 

earthworms and microbes will allow 

decreased dependence of external 

inputs and minimise expenses 

19 53 28   32 

 

0.024 

 

Managing earthworm and microbes is 

part of supporting and enhancing things 

that support and enhance ecosystem 

health and natural cycles including 

nutrient cycling 

22 63 15   32 0.013 

I lack knowledge and expertise with the 

methods required to manage 

earthworms and microbes 

16 55 29   31 0.022 

It is not technically or economically 

feasible to manage and monitor 

earthworms and microbes in my farm 

3 3 28 41 25 32 0.023 

† 
Simple Chi-squared p-values whether the numbers scoring strongly agree and agree differed from that scoring strongly disagree or disagree 
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Figure 6.4 Farmer views on possible benefits of managing earthworms and soil microbes. (farmer responses from the question “how much to 

you agree or disagree with the following statements on managing and monitoring earthworms and soil microbes and their activities?” (Question 

23 of Appendix 6.1) 
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 6.4 Discussion  

6.4.1 Reliability of this study 

The small sample size and homogenous farm properties of farmer respondents may make the 

outcomes of this study not to be generalised across the country.  However, the fact that 76% 

(34/45) of questionnaires send out were responded to was pretty high response rate compared 

to rural normal surveys 53% (Fairweather et al., 2007). Thus even though the sample is small 

(34 respondents), it is relatively complete for the community of interest and can be treated as 

a pilot study to extend the zone of inference beyond the Waitaki. Furthermore, the findings 

have revealed the need for further qualitative research and interviews to address the complex 

issue of nutrient management by use of soil biota at the farm scale level. Farmers’ 

involvement can help in prioritising options in order to simultaneously fill scientific gaps and 

produce relevant knowledge for practical use.  

 

6.4.2 The importance of soil quality management, earthworms and microbes 

For the purpose of this study, the Soil Science Society of America Ad-hoc Committee’s 

definition of soil quality as “the capacity of a specific kind of soil to function, within natural 

or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or 

enhance water and air quality, and support human health and habitation” (Karlen et al., 1997) 

was adopted. This observation brought to attention the importance to which farmers consider 

soil quality and this relationship in contributing to the success of the farm as a whole be 

conceptually illustrated (Figure 6.5)  

Biodiversity ranked low in determining the overall success of the farm. This may imply 

farmers’ lack of knowledge of their benefits. It may be that farmers may view biodiversity in 

a negative way, e.g. as weeds or pests subsequently diminishing their value. In spite of this, 

the study has demonstrated farmers ‘awareness of the importance of earthworms and soil 

microbes in enhancing soil quality (Table 6.5). 
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Figure 6.5 Soil quality - as “the centre of interactions” contributing to the success of the dairy 

farm in irrigation and effluent dispersal regimes 

 

The majority respondents were well aware of earthworms and soil microbe roles in providing 

soil services like soil aeration, water regulation, soil organic matter decomposition, soil 

mixing, nutrient cycling and participation in soil food chains (Table 6.5). Surprisingly, over 

80% of the respondents were aware of earthworms playing some role in stimulating microbial 

activity (Table 6.5).   

Farmers indicated that they promote earthworms in their properties through: (i) frequent 

checks of pH checks and adjusting it where necessary; (ii) advice from soil advisors; (iii) 

aerating fields; (iv) using ‘spray fertilizer’; (v) draining wet patches, in paddocks; (vi) pasture 

management in general and following a 23 day grazing rota in particular; (vii) break feeding, 

(viii) correct fertilizer applications, (ix) growing as much grass as possible with minimum 

fertilizer and continuous grazing. Some of these have also been recorded in literature (Lee, 

1985; Curry, 2004). 

 
Figure 1 soil quality - as “the centre of interactions” contributing to the success of the dairy farm in irrigation and effluent dispersal regimes - the 

size of the oval is proportional to the importance attributed to the factor by the farmers. 
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Despite this earthworm awareness and interest, farmers were not able to distinguish 

earthworm species (Table 6.4).  Three farmers commented on details:  

 

“I just check for worms not species but would like to know more about this little guys”. 

“I only know two types of worms in my farm, the small ones and the big ones, which I call 

Maori worms”. 

“But I really rate my worms” 

 

Very few respondents commented further on earthworms and soil management, but two 

stated:  

“There is soft soil in irrigated and effluent paddocks for earthworms to walk on”. 

“There is more developed and deeper humus in irrigated areas that provide better habitat for 

earthworm”. 

Unlike earthworms, farmers only gave a few comments about microbes. The comments 

ranged from: 

 

 

 “I don’t know of any available microbial test” 

“Our soil advisor tells us that our farm is good”  

 “I check microbial activity from the breakdown of dung”.  

 

The farmers’ observations and experiences underpinned their interest in earthworms 

compared to soil microbes even though they were not keen on earthworm species diversity 
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suggesting their overall relevance as an important component of soil quality unlike soil 

microbes which are not invisible. They were however aware of their roles. It is therefore 

important to develop a decision support tool that will assist them to evaluate their options for 

using earthworms and soil microbes in soil management. 

The importance with which farmers attach to nitrogen in soil quality and nutrient 

management was confirmed by its high familiarity score. This score differed significantly 

p<0.001 from that of carbon, another important element in soil functioning (Appendix 6.5). 

This mirrors scientific studies which emphasise nitrogen against carbon in soil management 

programs. However, the lack of familiarity with some soil quality indicators as used by 

scientists suggests that more knowledge is required for maximum benefit. Unlike chemical 

indicators, those indicators that entirely depend on soil biological processes are most affected 

(Figure 6.8) reflecting either low perceived value or lack of understanding by the farmers. 

Use of language may have affected the responses as terms used by scientists may not be used 

in the same context by farmers. This underscores the importance for farmers and scientists to 

adopt definitions easier for farmers to understand especially benefiting those farmers without 

tertiary agricultural training.  Soil microbial characteristics should be given priority in this 

context. 

 

6.4.3 Correspondence of science and TLK 

Farmers have built a credible relationship with fertilizer companies which are 100% farmer 

owned as per the publicly displayed information on their websites http://www.ballance.co.nz  

and http://www.ravensdown.co.nz assessed on 19/09/2013). Farmers depend on the 

specialised knowledge of fertilizer company consultants for their Overseer nutrient analysis 

suggesting that nutrient analysis skills may not be readily available to farmers. Moreover, 

half of the respondents were not sure whether there is anything they would like added to the 

model to improve its reliability (Table 6.3). 

Five farmers’ gave the following views about Overseer as a nutrient management tool: 

 

http://www.ballance.co.nz/
http://www.ravensdown.co.nz/
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“Lucerne and clover fixes nitrogen so Overseer is bad for nitrogen leaching. 

Overseer focuses too much on N and needs to balance other potential benefits”. 

“Need to be practical in management of soils, plants and animals”. 

“Need to be more farm specific, soil type, farm type etc.” 

“Quantifying effluent components, feed pad multiplications around time and stock are 

off Paddock” 

“There is high nutrient loses using overseer. However, we use it because it is the 

Ravensdown policy and plan” 

 

These comments, lack of suggestions to improve nutrient models and the high number of 

farmers that lack skills and methods in Overseer analysis give a strong indication that farmers 

are using Overseer not because they want to or they understand the principal behind it, but 

probably because it is a requirement of fertilizer companies. The software behind Overseer 

analysis is provided free of charge for any willing farmers to use (Monaghan et al., 2007a). In 

spite of these, farmers are not doing their own analysis but instead rely on fertilizer 

companies. However, even with the suspected lack of understanding of Overseer, farmers had 

a general agreement of the reliability of nutrient management models (Table 6.3). An 

important observation arising from this relationship is whether scientific information can be 

passed to farmers through fertilizer companies and the identification of the roles of research 

institutions. It is necessary to address these issues as a way of facilitating information transfer 

and actual adoption of soil management strategies between farmers and scientists for 

sustainable soil resource use.  

The fact that soil organisms are not included in nutrient analysis suggested that their 

beneficial roles have little support from science despite the volume of knowledge attesting 

their viability (Swift et al., 2004b; Coleman and Whitman, 2005; Barrios, 2007) . Science 

should therefore urgently come up with creative options that quantify, adopt and promote the 

beneficial contributions of these organisms in nutrient management. Moreover, soil quality is 
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depended on the functioning of all the soil components (Parr et al., 1992; Karlen et al., 2003) 

and therefore it is not possible to isolate soil biota from other aspects of soil management 

practices. 

Farmers need an indicator with a template measure at farm level, the large size and slow 

movement of earthworms, make them suitable for farmers to measure and manipulate to 

provide baselines for management changes. In contrast, microbial measurements can be 

complicated hindering their incorporation and they both qualify as indicator species. As soil 

microbes appear to be highly responsive to management, the challenge for soil microbial 

management and monitoring is to upgrade the knowledge acquired from microbial studies to 

the level of ecosystem-specific microbial functionality in the paddock level that farmers can 

be able to see.  

The study demonstrated a potential of earthworms and soil microbe management as farmers 

show a willingness to use them in soil quality management programs. However, unlike 

fertilizers, and other external inputs, this management may be more complicated because it 

involves products that are not visible requiring that farmers’ scientific awareness of the soil 

biological resource be enhanced. An observation where farmers are able to notice changes 

with management is significant and suggestive that if they are appropriately informed, they 

can keenly observe these changes for decision making purposes as suggested by Moller et al., 

(2005). This creates an opportunity for science to come up with innovative strategies of 

incorporating these organisms in soil management programs. Farmers should be made aware 

of the methods used and be given sufficient knowledge to understand the benefits these 

organisms inject to the system that serve their needs for adoption. 

The findings of this study promote the objectives of this research and highlight the 

importance of understanding earthworm and soil microbe properties and responses to farming 

practices and making the findings available to farmers.  
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Chapter 7: Monitoring, managing and researching soil biota for more 

resilient and sustainable agriculture 

The overreaching goal of this thesis was to investigate the effects of irrigation, effluent 

dispersal and organic farming on earthworms and soil microbes. In the course of the study, it 

was felt the scope should go beyond the original objectives, to interpret the results for 

agricultural application and recommend further research on issues arising. This concluding 

synthesis chapter serves this purpose by linking the main findings from the preceding 

chapters to draw together their potential implications for farming systems in New Zealand 

and the wider world. My study was very necessarily limited in scope and deals with 

understanding a biotic component of a complex agricoecosystem. Therefore my synthesis 

must also draw heavily from literature. 

 

7.1 Low earthworm diversity in New Zealand agroecosystems: does it 

matter?  

I found an extremely low number of earthworm species and particular reliance on just one 

epigeic (L. rubellus) and one endogeic species (A. caliginosa) in the Waimate District 

(Chapter 2). The same low diversity occurs in all New Zealand agroecosystems, presumably 

because few species have been introduced.  These contrasts with the norm in European 

farmland where earthworms are native species and several species flourish together.  Up to 

17 earthworm species have been recorded in one European locality (Muldowney et al., 2003). 

Aporrectodea chlorotica (Savigny) and A. caliginosa were co-dominant in some studies, but 

other species including L. terrestris, A. longa and L. rubellus were also often abundant 

(Neilson and Boag, 2003; Curry et al., 2008). In another study, A. longa and L. terrestris 

were co-dominant (Boag et al., 1997a). This suggests that more enriched ecological 

assemblies of different earthworm species could thrive in New Zealand. 

Two aspects of my study and literature review raise concerns for the resilience of New 

Zealand farm soils: firstly, there is fragmentary evidence that diversity of New Zealand 

earthworms may be reducing; and secondly, the deeper burrowing anecic species are now in 

extremely low abundance and especially restricted in distribution within irrigated pasture.  
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A. longa was reported to be widely distributed throughout New Zealand, while L. rubellus 

was reported to be common and often in association with L. terrestris, O. cyaneum and A. 

caliginosa.  In some cases A. longa formed the dominant species of the earthworm 

community (Lee, 1959a). Earlier, L. terrestris was reported to be “common, plentiful and 

everywhere in the South Island” (Smith, 1894). Perhaps dominance and abundance of A. 

caliginosa is causing loss of other species while increasing earthworm density in New 

Zealand pastures? There is a need for a systematic study of the diversity and abundance of 

current earthworm diversity and abundance across New Zealand’s production landscape to 

test whether earthworm diversity has indeed declined and to create firm baselines from which 

future changes can be measured. Such a study could include a first phase of repeated 

sampling at all specific locations where earlier earthworm abundance and diversity was 

recorded, followed by a stratified random survey across various regions, land uses and 

cropping types.  Formal Before-After-Control-Impact studies associated with newly created 

irrigation and dairy conversions would better test the inferences in my preliminary study.  

These more tightly designed field studies are needed to more reliably detect changes in what 

is a complex adaptive system (Figure 2.11).  

The partial disappearance of A. longa earthworm species in response to irrigation (Chapter 2) 

raises questions whether it matters, and if so, whether another species could replace its 

functions and deliver the same ecosystem services. Changes in species diversity have 

compromised service provision in (Swift et al., 2004b). However I am particularly concerned 

by the potential loss anecic species in New Zealand.  Presence of anecic earthworms in 

agroecosystems is important in providing soil services that benefit agriculture (Fraser et al., 

1996; Bouché and Al-Addan, 1997; Decaëns et al., 2006; Lavelle et al., 2006) and their 

absence may lead to loss of soil ecosystem self-regulation. Earthworms’ roles in nutrient 

mineralisation (Table 7.1) depend on species, soil characteristics and location of organic 

matter (Butenschoen et al., 2009). For example, Lumbricus rubellus (epigeic) and Lumbricus 

terrestris (anecic) earthworms increased mineralization of applied crop residues, but 

Aporrectodea caliginosa (endogeic) did not while L. rubellus and A. caliginosa, enhanced 

mineralization of soil organic matter but L. terrestris had no effect (Postma-Blaauw et al., 

2006). Moreover, water movement within burrows depend on the morphology of the burrow 

whose diameter, branching, orientation, and continuity significantly vary among species 

(Bastardie et al., 2005). Since anecic earthworms have a rather sedentary and territorial way 

of life (Edwards and Bohlen, 1996a), they produce semi-permanent vertical burrows 
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characterised by an increased burrow diameter and continuity that increase drainage 

efficiency (Jégou et al., 1999; Shipitalo and Butt, 1999; Bastardie et al., 2002; Nuutinen and 

Butt, 2003) whereas endogeic earthworm burrows with an increased branching decrease 

water conductivity (Pérès et al., 1998). Furthermore, an increase in bulk density by endogeic 

compacting species was associated with a 7% decrease in water storage capacity of the 

soil(Blouin et al., 2007),  while 10 years after anecic earthworm introduction, water storage 

was 25% greater (Ehlers, 1975). 
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Table 7.1 Roles of earthworms in soil functioning. 

Key soil process Remark Reference 

Soil formation Involves both the breakdown of primary minerals and incorporation of organic 

matter  

(Feller et al., 2003; Carpenter et al., 2007; 

Edwards et al., 2010) 

Soil structure This is the way soil particles and pore spaces are arranged in the soil profile – 

a function of the interaction between soil water, actions of soil biota e.g. roots 

and earthworms, and SOM and management 

(Clements et al., 1991; Jones et al., 1994; Jones 

et al., 1997; Pérès et al., 1998; Bateman et al., 

2006; Jouquet et al., 2006; Barot et al., 2007; 

Blanchart et al., 2009; Milleret et al., 2009; 

Blouin et al., 2013) 

Water 

regulation 

Macro pores created by earthworms modify soil porosity and can also affect 

water regulation 

(Ehlers, 1975; Edwards and Bohlen, 1996a; 

Bouché and Al-Addan, 1997; Pérès et al., 1998; 

Blanchart et al., 2004; Shipitalo et al., 2004; 

Jouquet et al., 2008) 

Erosion control increased infiltration rate associated to earthworm burrows decrease soil 

erosion by 50%, while anecic earthworm erosion by minimising surface runoff 

(Sharpley et al., 1979; Clements et al., 1991; Le 

Bayon et al., 2002; Shuster et al., 2002) 

Nutrient cycling Because earthworms are heterotrophic, they are involved in the degradation of 

organic matter and molecules in soil releasing nutrients for plant use 

(Lee, 1985; Lavelle et al., 2006; Eriksen-Hamel 

and Whalen, 2007; Cécillon et al., 2008) 

Decomposition 

& interactions 

with soil 

microbes 

On their own or symbiotically with soil microbes, e.g. increased nitrate 

concentrations with increased earthworms has been observed with elevated 

nitrifying bacteria 

(Anderson et al., 1984; Ponge, 1991; Bernier, 

1998; Araujo et al., 2004; Bardgett, 2005) 

Primary 

production 

Studies have relating earthworms with pasture primary production have shown 

significant increases in biomass 

(Stockdill and Cossens, 1966; Stockdill, 1982; 

Scheu, 2003; Eisenhauer and Scheu, 2008; 

Arancon and Edwards, 2011) 

Facilitation E.g. transporting soil microbes and other materials within the soil matrix, 

direct feeding on the substrate can completely transform it physically, while 

dead worms can contribute to soil organic matter affecting C & N dynamics. 

(Hendrix et al., 1986; Anderson, 1988; Tiunov 

et al., 2001; Van Vliet et al., 2004; Rizhiya et 

al., 2007) 
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Table 7.2 Roles of soil microbes in soil functioning. 

Key soil process Remark Reference 

Respiration and 

mineralisation of 

N, C and P 

Process carried out by soil microbes and lead to CO2 production and is 

highly influenced by changes in temperature, soil moisture and nutrients 

(Anderson et al., 1985; Coleman, 1994; 

Haynes, 1999; Balota et al., 2003; 

Adejuyigbe et al., 2006; Franchini et al., 

2007) 

   

Nitrification This process is crucial for nitrogen cycling within the plant-soil systems 

while the microbial communities responsible can be affected by soil 

properties and environmental conditions  

(Kowalchuk and Stephen, 2001a; Schmidt et 

al., 2007; Hansel et al., 2008) 

   

Denitrification This is an anaerobic process influenced by abiotic factors and therefore 

affected by management. It driven by soil microbes and significantly 

contributes to N2O fluxes.  

(Philippot et al., 2007) 

   

Methane 

oxidation 

Methanotrophs (soil microbes) play a role in regulation of CH4 an important 

GHG. 

(Dumont and Murrell, 2005) 

   

Sulphur 

mineralisation 

Arylsulfartases (microbes that catalyse sulphur mineralisation), are affected 

by soil moisture, crop cover and temperature 

(Deng and Tabatabai, 1997) 

   

Nitrogen fixation Symbiotic N fixing microbes are critical to the nitrogen dynamics in pasture 

soils and is influenced by management factors e.g. moisture, soil C, pH, 

texture etc.   

(Poly et al., 2001; Hsu and Buckley, 2009) 



 
 

224 
 
 

In my study there was a broad scale association between increased earthworm biomass and 

increased soil water holding capacity (Table 3.11) and soil bulk density was 25.7% lower 

in irrigated and effluent treated soils compared to on untreated soils (Figure 3. 2).  The key 

issue for future sustainability is whether the soils would have been even better structured 

in my treatment plots had anecic earthworms been more prevalent.  If so, greater water 

storage, less strain on the irrigation supplies, improved aeration, less reliance on fertilisers 

and increased pasture and animal production might have been possible.   

Increased diversity of earthworms could help the resilience of New Zealand pastoral 

agriculture by building in greater adaptability to future farming challenges, especially 

those wrought by climate change. Therefore, although more scientific evidence is required 

to reach a conclusion, from first principles of community ecology it seems that single 

earthworm species are less likely to maintain suitable physical conditions. Heavy reliance 

on just one species for each of the key earthworm functional groups may make the soil 

ecosystem less able to rebound from droughts or floods, or to maintain soil quality in the 

face of ever increasing agricultural intensification (Moller et al. 2008, Darnhofer et al. 

2010). 

 

7.2 Low earthworm diversity in New Zealand agro ecosystems: what can 

be done about it?  

Earthworms can be readily translocated (Stockdill 1982), so there is considerable 

opportunity for doing well-monitored and structured “active adaptive management” 

(Walters & Holling 1990) experiments to (a) redistribute earthworms already in New 

Zealand, and (b) if necessary, introduce new species from overseas countries.  In view of 

the biosecurity risks associated with new organisms and apparent former prevalence of L. 

terrrestris, redistribution of the species already in New Zealand is the obvious place to 

start.  

I therefore recommend for the re-introduction of the disappearing earthworm A. longa or 

an alternative anecic species, preferably Lumbricus terrestris which has flourished in the 

North Island, to the study area coupled with further research to ascertain the optimum 
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conditions for their maintenance and contribution towards pasture productivity.  This will 

allow agronomists to better predict where they will yield positive, negative or null effects 

and how much investment in future earthworm management would be beneficial.  Much 

could be learned about earthworm management and ecosystem services from such trials, 

for example, it would be useful to investigate how earthworms disperse across landscapes 

to optimise inoculation methods, e.g. size large enough for rapid colonization of a paddock 

and time frame for ecosystem changes to be brought about.  

Reassembling earthworm communities by introductions and inoculation is one way of 

making a step-change improvement in the resilience and sustainability of soil 

management.  A complementary approach would be improved ‘in situ’ management to 

build the overall abundance of existing earthworms and microbes through improved farm 

management systems, particularly aspects of soil fertilisation and pasture.  My preliminary 

survey of farmers’ knowledge and attitudes (Chapter 6) underscored that most are ready 

and willing to monitor and manage the soil biota for sustainability: the dilemma is that 

many gaps on knowledge still prevent fine tuning of soil biota management and key tools 

for monitoring and learning how to improve soil biota within practical and day-to-day 

farming routines are not yet available. The remainder of this synthesis chapter now 

highlights a few of the more important priorities for research to enhance abundance, 

diversity and functioning of the soil biota already present in New Zealand’s pastoral farms.   

 

7.3 Importance of root-soil environment in Nutrient absorption: a key 

research priority 

Soil biota’s influence on soil functioning mainly results from their roles in modifying the 

soil structure, an influence that has been recognized (Table 7.1, Figure 2.11) but 

surprisingly neglected. Although this study did not show any relationship between 

earthworms or soil microbes and bulk density, soil biota can both compact and/or loosen 

soil (Alegre et al., 1996; Blanchart et al., 1997; Lavelle et al., 2004). These apparent 

contradictory soil biota roles in influencing bulk density highlight the great complexity of 

soil community interactions and roles (Figure 2.11) as well as the still incomplete 



 
 

226 
 
 

databases and limited experimental approaches currently available to address this 

complexity.  

Soil water regulation, gas exchanges, SOM and nutrient dynamics, soil microbial biomass, 

diversity and activity and the susceptibility of soil to erosion are controlled by soil 

structure (Kay, 1990) and earthworms play important roles in controlling soil structure 

dynamics (Table 7.1). The moderate differences that were observed when nutrients were 

measured in volumetric and gravimetric methods indicate that soil is not a homogeneous 

medium. My analysis emphasised that the soil around the root zone comprising of root 

mass, root morphology, organic matter, and soil biota are significant to the plant-soil-

nutrient dynamics and can significantly affect the extent to which nutrients are going in 

and out of the system but a comprehensive understanding of how this occurs is lacking. 

Processes and mechanisms involved here are complex with intricate feedback mechanisms 

that can lead to increased root length density while extensive fibrous roots produce highest 

levels of macro aggregation. Earthworms, soil microbes and other soil biota play 

significant roles in these processes but there is no framework for understanding how and 

when soil fauna influence these processes.  

Modelling to link plant growth and the soils biotic and abiotic features could predict 

optimal soil nutrient management in particular. Nutrient balance models like Overseer are 

much used, albeit poorly understood by New Zealand farmers (Chapter 6).  However these 

models do not even consider biotic features of soil management. Nor have the roles of soil 

biota been integrated into broader biogeochemical models (Seastedt, 2000), despite the 

need to including them being acknowledged by Schimel and Bennett, (2004).  

I therefore recommend further studies to answer critical issues on the effects of the 

processes occurring on the soil-root environment on soil physical properties, nutrient 

absorption and plant growth with the aim of incorporating them into nutrient management 

models. These investigations should address; (i) how biotic processes modifying the root-

soil environment are linked to nutrient mineralisation and immobilisation and microbial 

and root uptake (ii) how the physical processes occurring at the root-soil environment 

regulate macro scale characteristics of nutrient cycling (iii) how important are earthworms, 

soil microbes and roots in creating and maintaining these physical structures and in 

mediating the biochemical/biological processes and their linkages? To adequately answer 
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these questions, better and new tools may be required to understand the processes going on 

in this soil-root environment and how they impact the whole system’s functioning. It is 

through this study that a thorough understanding of ecosystem processes linked to soil 

based services and the scale at which each species contributes can be appreciated.  This 

will also allow ‘keystone’ and ‘ecosystem engineer’ species to be selected and managed, 

and to be added to nutrient models to improve their performance. The assumption that soil 

is a homogeneous medium may actually be the reason why soil fauna has not been 

integrated into nutrient models. 

 

7.4. Thinking deeper: processes in the lower soil layers matter too 

My study followed the standard procedure for measuring soil quality only in the top 7.5 

cm layer (Chapters 2, 3 & 5).  As emphasised in the immediately preceding discussion, 

processes in the root zone of the pasture are undoubtedly the most important for directly 

and immediately influencing plant growth and animal production. Indeed, nearly all the 

experimental effects on soil detected in Chapter 2 were strongly localised to this crucial 

top layer of the soil (Figure 2.6). However, in the longer term, the processes deeper in the 

soil will also be extremely important for sustainability.  Soil pedogenesis is the most 

fundamental of these, but maintaining soil structure and support, creating water holding 

capacity, building carbon sinks and recycling nutrients are key services provided in the 

deeper layers of the soil profile. From an ecosystems point of view, maintaining the 

ecological coupling between the soil surface and deeper layers of the soil is absolutely 

crucial. The anecic earthworms are the most important coupling agents acting in the 

vertical dimension of the soil profile. Bioperturbation, water and nutrient penetration is 

provided by the anecic worms’ tunnels and travel to the soil surface to feed, and then down 

again for shelter and moisture.  Similar coupling functions are provided by endogeic 

worms, albeit to a lesser extent; and a generalised and less visible role of soil microbes 

should also not be underestimated. However, long term sustainability and resilience may 

depend on reinstatement and building the distribution and abundance of anecic earthworms 

in particular (Section 7.2).     
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7.5 Targets for soil management: How many earthworms are needed to 

sustain healthy soils? 

Investments and trade-offs in land management decisions to maintain a healthy soil biota 

could be much better designed if we knew how many earthworms or microbes are enough 

to make agro-ecosystems resilient and sustainable. Most of the literature has simply 

assumed that the more abundant and diverse the soil biota, the more efficient will be food 

and fibre production (‘A’ in Figure 7.1). Many more complex possibilities exist. An 

asymptotic model suggests a law of diminishing returns – investing in increasing 

earthworms may after a time deliver relatively fewer extra ecosystem services (‘B’ in 

Figure 7.1). There can be threshold effects where earthworms (or microbes) need to attain 

a critical mass before nutrient cycling accelerates because the ecosystem flips into whole 

new semi-stable states (‘C’ in Figure 7.1). It is even possible the tipping points exist to 

create optimal soil biota zones (‘D’ in Figure 7.1). There is some published evidence that 

the positive effects of earthworms can decrease above a given threshold, possibly due to 

higher earthworm density relative to the soil’s carrying capacity (Brown et al., 1999; Chan 

et al., 2004). When multiple feedbacks (Figure 2.11) and ‘multiple stressors’ are at work, 

ecologists expect non-linear relationships between components of ecosystems (Townsend 

et al., 2008)  and complications like ‘B-D’ in Figure 7.1 are the default expectation rather 

than a perfectly linear and directly proportional relationship like that depicted at ‘A’ in 

Figure 7.1.  
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Figure 7.1 Hypothetical relationships between soil biota and their provision of ecosystem 

services or health soil.  

 

 

A complete decoupling of soil biota from soil health would be represented by the 

horizontal line ‘E’ in the hypothetical array of possibilities shown in Figure 7.1.  In fact 

my results showed only occasional and weak relationships between earthworms and soil 

quality, and relatively few such associations for soil microbes (Tables 3.10, 3.11, 5.8).  I 

argued above that this is not evidence of true independence of soil biota and soil health (ie. 

not ‘E’ in Figure 7.1).  The experimental evidence is so overwhelming that we can reject 

this option out of hand.  But my GLMMs fitted relatively simple linear models to 

predictors.  I might have failed to find significant predictors simply because most of my 

SMS were spread along the asymptotic region of ‘B’, or below the threshold in model ‘C’. 

An inversion like ‘D’ would potentially return a horizontal line like ‘E’ if there is 

sufficient unexplained variance (scatter of the points) around the line so that I could not 
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detect uneven distribution of the models residuals along the range of observed earthworm 

abundance.  

More research on possible non-linear relationships between soil biota and the ecosystem 

services that they offer would be extremely invaluable.  I do not think they can be 

discovered in a descriptive type of study like the one I have just completed.  Too much 

disruptive variation is most likely to obscure the patterns. I recommend that experiments in 

tightly controlled conditions are mounted to explore these potential complications.  In the 

meantime I recommend applying the environmental precautionary principle by managing 

soil biota on the default assumption that model ‘C’ applies.  The more soil biota that can 

be maintained in agroecosystems, the more resilient, sustainable and efficient will be food 

and fibre production.  

 

7.6 The need for better soil biota monitoring and management 

 This thesis demonstrated that management induced changes in soil generate preferential 

advantage to some biota while disadvantaging others. This provides opportunities to seek 

management strategies that conserve and enhance soil quality that are consistent with 

natural processes.  Farmers require early warning signals and monitoring tools to help 

them assess the status of their soils since by the time the degradation is visible with 

evidence of reduced yields, it may be too late and/or costly to reverse. Since most 

approaches reported in literature emphasise on soil physical and/or chemical properties 

(Lal et al., 1997; Oldeman and Van Lynden, 1997), monitoring earthworms and soil 

microbes offer potential for a more holistic, systems-level and biological approach to 

improving farm management. To qualify as biological soil indicators, organisms should be 

able to relate with changes in organic matter, nutrient cycling, soil structure, and 

productivity. Their spatial heterogeneity must be accounted for (Ettema and Wardle, 2002; 

Janzen, 2006), they should be able to be stable over time, under non-changing conditions 

and fluctuations must be sufficiently predictable to discriminate the signal of human 

induced change from natural background (Van Straalen et al., 1997).  Indicators must be 

specific for environmental factors and sensitive to agricultural management measures 

(Moller & McLeod 2012).  
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Ideally soil biota indicators should indicate changes in the root zone, SOM, nutrient 

cycling and soil structure and yields. Characteristics shown by L. rubellus and A. longa 

this species have only partly demonstrated their ability to serve as important soil 

sustainability indicators The fact that farmers recognise and appreciate the role of 

earthworms as indicators of soil quality (Chapter 6), that they have broadly positive effects 

of pasture yields and that they are impacted by management (Chapter 1, Table 7.1) 

provides a good basis for their adoption by farmers for decision making purposes. 

However, my study generally found only very loose correlations between earthworms and 

microbial levels and soil properties (Tables 3.10, 3.11, 5.8). The wealth of experimental 

evidence from overseas (Chapter 1, Table 7.1) and the demonstrated step change in 

production when earthworms were first introduced to New Zealand (Stockdill and 

Cossens, 1966) leaves no doubt that these positive influences occur and are strong.  

Presumably the complexity of the systems (Figure 2.11), spatial variability driven in part 

by landform and soil type, temporal variation (Chapter 4), and the long-term nature of 

some soil processes have combined to obscured an underlying relationship between soil 

biota and soil quality indicators. This will make soil biota very insensitive indicators for 

comparing the state of soils from one place to the next. Instead their potential value is in 

monitoring long-term changes in soil health at the same place, be that the same farm, 

paddock or part of a paddock. The soil biota indicators therefore provide reliable 

‘diachronic’ comparisons (long runs of data that apply to one place), but cannot be 

expected by themselves to provide powerful ‘synchronic’ comparisons (short runs of data 

gathered from many different places) unless sample sizes are very large indeed. 

Fortunately, diachronic information is perfectly adequate and locally tuned for farmers to 

guide sustainability on their own farm (Moller et al. 2004).      

On the other hand, soil microbial measurements are complex to measure, they emphasise 

on decomposition of minerals and the identity of the indicator organism remains hidden. 

Nonetheless, soil microbes play significant roles in soil sustainability and pasture 

production through nutrient cycling (Table 7.1). The challenge for soil microbial 

management and monitoring is to upgrade the knowledge acquired from microbial studies 

to the level of ecosystem-specific microbial functionality in the paddock level. The 

extreme variability I found in various microbial measurements highlights the difficulty of 

detecting trends or significant changes associated with changing farm management. 
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Furthermore, the time required to determine soil atmosphere gas fluxes (less than 1 hour at 

most but often less), and that it can change even within this time complicates this even 

further. 

Farmers need an indicator to measure at the individual farm level. The large size, readily 

identifiable and slow movement of earthworms makes them simple for farmers to monitor. 

In contrast, microbial measurements are complicated and technically demanding, factors 

that prevent their widespread adoption as sustainability indicators. Nevertheless, both 

could qualify as indicators based on the scientific analysis of my study. I conclude that (i) 

microbial community characteristics serve to assess the nutrient, environmental stress and 

physiological status of the soil; (ii) L. rubellus and A. longa earthworms indicate nutrient 

status, management and environmental stress; (iii) the relationship between earthworms 

and soil microbes is not straight forward and requires more investigation; and that  (iv) 

earthworms provide a better opportunity for farmers to manage and monitor at the current 

level of available knowledge and understanding in the meantime. My pilot survey found 

that some farmers already monitor earthworms, but this was always in a very ad hoc and 

generalised way. A much more structured and repeatable sampling routine would be 

needed before earthworms monitoring could reliably guide sustainable farm management.  

For more active earthworm and soil microbe management to be adopted, creative ways to 

link them to the conspicuous above ground plant production must be developed.  These 

would be a sure way of raising their profile, for farmers to see their impacts, and their 

economic implications to pasture production should be critically evaluated. The knowledge 

gained and to be developed will be useful only if inspired by and combined with farmers’ 

goals, aspirations, knowledge and constraints and opportunities for application. My survey 

demonstrated that efficient soil management was an extremely high priority for farmers, 

coming just behind animal welfare and management and pasture management in their 

work priorities (Figure 6.2). The main challenge is now to find a cost effective way to 

build soil biology indicators into their regular soil chemistry assays.  

More active and directed management of earthworms and soil microbes will require 

considerable new research and may take many forms. A relatively small example is 

suggested by my finding of concentrations of birds feeding on effluent dispersal zones 

(Chapter 2). This probably results from earthworms being forced to the surface from the 
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toxic effluent flux. Could effluent be dispersed in a way that minimises bird predation and 

helps raise earthworm abundance?  Can effluent dispersal be coupled with efficient bird 

scaring to minimise their impact?  More generally, no-till systems can minimise knock 

downs of earthworm populations.  The development of nitrification inhibitors to minimise 

GHG emissions might help solve some pressing global problems, but will it also enhance 

or disrupt microbial communities and activities in the soil in ways that affect earthworms 

and production efficiency?  Perhaps the most direct and far reaching strategies for 

enhancing earthworms and microbes will be found in soil structure interventions.  Shifts in 

soil bulk density (i) following dairy conversion, (ii) following organic conversion, and (iii) 

between irrigation and effluent treatments were the recurring large effects found in my 

study.  There were also stronger links between soil biota and bulk density and its 

associated water holding capacity.  Research directed to building soil structure, 

presumably mainly by building its SOM, could include research on how to sustain the soil 

biota and thereby accelerate the building of soil structure itself.        

 

7.7 Organic farming and lower intensity agriculture: will they restore soil 

ecosystems? 

I found that fertilization rates on dairy conversion farms, coupled with reliance on 

irrigation and supplementary feeds was not sufficient in itself to maintain nutrient levels 

that prevailed previously when the land was grazed by sheep and beef cattle (Chapter 3).  

This demonstrates that relying heavily on chemical fertilization is not always accompanied 

by consistently higher nutrient levels remaining in soils. Moreover, sheep graze pasture 

almost to the ground level leaving less litter and therefore less plant residue returns to land. 

This signifies the unsustainability of high input systems as the excess nutrients are liable to 

leaching. Indeed reduction of inputs seems inevitable, but will it inadvertently reduce 

yields? A change of strategy is required that incorporates traditional, science and farmer 

knowledge on soil resource use efficiency and the challenge is to address what earthworms 

and soil microbes might add as an indicator and management target. Perhaps the most 

worrying finding in Chapter 3 was the overall 17% decline in SOM seen on the dairy 

conversion soils (Figure 3.7).  If this is part of ongoing trend rather than a rapid step down 
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to new stable levels following conversion, the long term sustainability of intensive 

dairying is questionable. Establishment of a long term and repeatable soil monitoring 

system in intensive dairy systems is now an urgent priority to test whether SOM is 

continuing to decline.  It would be ideal if such a scheme were instigated and operated by 

the irrigation co-operative itself, perhaps by deploying a system like the New Zealand 

Sustainability Dashboard that is currently being developed for wine, kiwifruit and forestry 

(Manhire et al. 2012).  

 

However, the study also found in Chapters 2 and 3 that irrigation and effluent dispersal 

greatly enhanced earthworm abundance and overall soil health compared to untreated areas 

on the same farms. The increased soil structure (lower bulk density) in irrigation 

treatments was a particularly pleasing finding.  Efficient irrigation and effluent 

management is undoubtedly a crucial component of keeping the Waimate farms 

sustainable and profitable. The important question is whether efficiency can be further 

improved to maintain soil quality at least at the levels prevailing on sheep/beef farms 

before conversion.  Ideally too, the added production on dairy farms should be maintained 

by reduced inputs (water, nutrients and imported feeds) and management should proceed 

in ways that minimise the GHG emissions demonstrated in Chapter 4. Some potential 

slight gains in efficiency can already be suggested by my study.  For example, the 

Waimate farmers apparently do not adjust their artificial fertilisation of those areas of their 

farm that receive effluent (Chapter 6), yet the soil research in Chapter 3 demonstrates that 

the effluent dispersal already lifts the soil quality there.  Research is needed to fine tune 

fertiliser inputs in different parts of farms to optimise production and minimise potential 

leaching.  

 

My sample sizes were generally too small to adequately compare outcomes for soil quality 

in different types of irrigation. However, significant reductions in endogeic earthworms 

were detected in Border Dyke compared to spray irrigation regimes (Table 2.7).  This 

suggests that follow-up research will find other changes in soil quality.  Border Dyke 

irrigation is rapidly being replaced with more efficient spray systems, so landscape level 

improvements in soil biota may follow.       

  



 
 

235 
 
 

Organic farming systems are based on renewable resources and management of biological 

and ecological processes (Lampkin and Padel, 1994) and have been adopted as a mean of 

attaining the desired sustainable system. I discovered many changes in the most labile 

features of soil quality following conversion (Chapter 5). A lack of expected nutrient 

build-up in the first years after conversion leaves an unanswered question: can smaller 

organic inputs lead to enhanced nutrient stocks and sustainable production. Reduction in 

available phosphate (Figure 5.4) on organic farms requires investigation as a potential 

constraint on sustainable dairy production.  It has been argued that demonstrated changes 

in soil biodiversity in organic systems will increase the efficiency of the organic systems 

thereby converting a higher share of nutrients into long-term nutrient pools, but this was 

not observed in my study.  

Since organic farmers may intentionally apply smaller nutrient inputs, continuous large-

scale conversion of conventional to organic farming will mean that fewer external 

nutrients may diffuse from conventional systems to organic systems directly via organic 

fertilizer imports or indirectly through atmospheric deposition. Consequently, the buffering 

effect of conventional agriculture against nutrient exhaustion of organic systems may fade 

out. Together this may turn organic systems towards nutrient mining of the soil, which in 

the long run may further diminish soil organic matter contents through negative feedbacks 

on productivity. I therefore recommend further research to assess whether the organic 

system actually leads to unsustainable use of the soil resource leading to it being depleted 

of nutrients and the long term consequences of this eventuality to establish whether a third 

option that borrows from organic and conventional farming systems will be required. I 

found that several soil quality and earthworm changes were evident before the 

experimental farms formally adopted organic farming methods (Chapter 5). This gives 

considerable pause for thought.  Maybe many of the putative environmental advantages of 

organic farming do not relate directly to the organic farming methods themselves?  Instead 

a nested set of farming practices unrelated to the prohibition of synthetic fertilisers and 

chemical pesticides may complement or even trump the benefits from the organic 

protocols themselves?  Most of the reviews of organic farming benefits are based on a 

meta-analysis of comparisons of organic and conventional farms long after conversion 

took place.  My study signals a clear warning that these comparisons should not be 

uncritically assumed to reflect the organic practices themselves.  A well replicated and 
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long duration Before-After-Control-Impact study is probably the best way that these 

complexities can be unravelled to demonstrate the causal efficacy of organic farming 

methods (Campbell et al. 2012).      

 

7.8 Concluding remarks: feeding a hungry world is going to get harder 

before it gets easier. 

By the 1980s, most of the world’s land was degraded to some degree (MEA, 2005), half of 

which had already reached alarming proportions (Oldeman et al., 1990). A recent 

assessment shows that only 10% of global agricultural land is considered to be under 

improving conditions while the rest is under continued deterioration. Seventy percent of 

agricultural land is now characterised as moderately to highly degraded (FAO, 2011). This 

degradation is reflected in water (mostly water scarcity, but also water logging), nutrients 

(both depletion and leaching from soils), chemical impacts and loss of soil organic matter 

(Lal, 2004a). The degradation is undermining farm productivity and sustainability while 

causing off-farm pollution, degrading soil biodiversity. Thankfully, agricultural 

sustainability issues are increasingly high on the national and international policy agendas 

regarding natural resource use (Hoff, 2011). International forums for integrating soil 

biological management into environmental and development policies are increasing and 

importance of fostering partnerships among stakeholders to effectively tackle identified 

challenges is not only highlighted in this study but also internationally (FAO, 2003; 

UNCCD Secretariat, 2011). Thus, a broader consensus on key natural resource issues is 

growing and the role of soil ecosystem services as a solution is strongly emerging.   

Although the biological functioning of soils are complex and with a number of often inter-

related biophysical processes which deliver a multitude of ecosystem services (Figure 

2.11), studies have isolated roles of earthworms and soil microbes in soil functioning for 

the benefit of agriculture (Table 7.1, 7.2). Therefore, they provide a potential to be 

managed
11

 as direct intervention to offer solutions for sustainable farming and food 

                                                           
11 Earthworm management discussed here should not be confounded with vermicomposting (the 

transformation of raw organic matter into high-value compost by Eisenia fetida) done outside the soil by 
epigeic earthworms that do not create burrows.  
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security, increase carbon storage, improve water cycling and reduce off-farm pollution 

(Table 7.1, (FAO, 2002). Furthermore, the adaptation of agriculture to climate change 

(Battisti and Naylor, 2009) by restoring soil quality and organic matter provide a major 

opportunity for carbon sequestration (Lal, 2004d). Despite this growing emphasis, there is 

no sign of direct and highly focussed strategies to directly manage soil biota within 

intensive agriculture, at least in New Zealand.  More normally, the health of soil biota is 

treated as an incidental outcome, be it a fortunate accident of stronger and more diverse 

biota, or an unfortunate degradation of soil biota distribution, abundance, diversity or 

activity. 

For the increasing food demand from the growing world population to be met, food 

production requires actions from multiple fronts. More food will need to be produced from 

less land, but with much less impact on the environment. Although this study has 

concluded that more directed management of earthworms, soil microbes and the root-soil 

environment offers some solutions, this should complement rather than substitute other 

necessary measures. Figure 2.11 depicts complex interactions between soil management, 

earthworms and microbes. Agronomists, soil fertility and ecology experts, and farmers 

should coordinate their efforts to optimise production of ecosystem services by sustainable 

management of the root-soil zone for sustainable farming. This management should 

incorporate not only environmental issues but broader range of social and ethical concerns. 

A transdisciplinary approach is necessary in addressing these critical gaps. Furthermore, 

farmers and land managers need to be provided with concrete options that increase yields 

with clear defined ecosystem services based on an improved understanding of economic 

opportunities and consequences. This includes different crop production systems that can 

potentially reduce yields, type of interventions required, costs to be incurred and benefits 

that can be accrued in enhancing services and meeting sustainable food production goals.  

Adoption of a more holistic and biologically based farming management will require new 

research of  social, environmental and economic enablers and constraints to 

implementation , including; (i) provision of better quantified evidence of soil ecosystem 

services; (ii) barriers to adoption; (iii) identification of key drivers of unsustainable 

practice and consideration of whether they are reversible or not; (iv) design of social and 

economic incentives for uptake and disincentives for failure to uptake; (v) and 
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dissemination of best practice stories about how innovative management of soils and its 

biota has contributed to food, energy and water security, as well as immediate farming 

profitability. 

I hope that my short study has contributed a small step towards solving these wide 

reaching and difficult challenges.  Perhaps the main value of my thesis research will be 

reignition of an awareness of the need for better understanding of those small soil 

organisms that remain largely out of sight and usually taken for granted by farmers, 

researchers, environmental advocates and policy makers in New Zealand, and in Kenya, 

my home country.  If we want to feed a hungry world, we must first build a better systems-

level awareness of all the links required to sustain agroecosystems. This will lead to 

belated and improved care of that crucial top 30 cm of the earth’s crust. It will also 

inevitably lead to more appreciation of the ecosystem services provided by earthworms 

and soil microbes.  
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Appendixes  

Appendix 2.1 Soil types of the study area and their characteristics  

Soil Property Soil type (soil family) 

S
o

il
 c

la
ss

if
ic

at
io

n
 

 Templeton Pukeuri Morven Claremont Mayfield Steward Pahau 

Soil classification Typic Immature 

Pallic Soils 

Mottled 

Laminar 

Pallic Soils 

Cemented firm 

brown soils 

Fragic Perch-gley 

Pallic soils 

Typic Argillic 

Pallic soils 

Cemented firm 

brown soil 

Mottled Agillic 

Pallic soil 

Profile texture group Silty  Silty Silty  Silty Silty Silty  Silty 

Soil profile material Stoneless soil Moderately 

deep soil 

Rounded stony 

soil 

Stoneless soil Stoneless Rounded stony 

soil 

stoneless soil 

Rock class of 

stones/rocks 

Not applicable From hard 

sandstone 

rock 

From hard 

sandstone rock 

Not applicable Not applicable From hard 

sandstone rock 

Not applicable  

Rock origin of fine earth From hard 

sandstone rock  

From hard 

sandstone 

rock 

From hard 

sandstone rock 

From hard 

sandstone rock 

From hard 

sandstone rock 

From hard 

sandstone rock 

From hard 

sandstone rock 

Parent material origin Alluvian Loess on 

Alluvian 

Alluvian Loess Alluvian Alluvian Alluvian 

K
ey

 P
h

y
si

ca
l 

p
ro

p
er

ti
es

 

 

Depth class (diggability) Deep (> 1 m) Moderately 

deep 

Shallow (20 – 40 

cm) 

Moderately deep 

(40 – 80 cm) 

Deep (> 1 m) Shallow (20 – 

35 cm) 

Deep (< 1 m) 

Texture profile Silty loam Silty loam Silty loam Silty loam Silty loam Silty loam Silty loam 

Potential rooting depth Unlimited Unlimited 70 – 100 cm 40 – 85 cm Unlimited 80 – 100 cm Unlimited 

Rooting barrier No significant 

barrier within 1 

m 

No significant 

barrier within 

1 m 

Extremely 

gravelly 

Pan No significant 

barrier within 1 

m 

Pan No significant 

barrier within 1 

m 

Topsoil stoniness Stoneless Stoneless Moderately stony Stoneless Stoneless Moderately 

stony 

stoneless  
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Appendix 2.1 continued 

Soil Property Soil type (Soil family) 

K
ey

 P
h

y
si

ca
l 

p
ro

p
er

ti
es

 

              

 Templeton Pukeuri Morven Claremont Mayfield Steward Pahau 

Topsoil Clay range 18 – 25 % 15-25% 18 – 25 % 18 – 25 % 20 – 35 % 15 – 25 % 18 – 25 % 

Drainage class Moderately well 

drained 

Imperfectly 

drained 

Well drained Poorly drained Moderately well 

drained 

Well drained Imperfectly 

drained 

Aeration in root soil Slightly limited Moderately 

limited 

Unlimited Very limited Slightly limited Slightly 

limited 

Limited 

Permeability profile Moderate over 

slow 

Moderate 

over slow 

Rapid Moderate over 

slow 

Moderate over 

slow 

Rapid over 

slow 

Moderate over 

slow 

Depth to slowly permeable 

horizon 

40 – 90 cm 50 – 80 cm No slow 

permeable 

horizon 

40 – 70 cm 70 – 90 cm 80 – 100 cm 30 – 70 cm 

Permeability of slowest 

horizon 

Slow (< 4 

mm/h) 

Slow (< 4 

mm/h) 

Rapid (> 72 

mm/h) 

Slow (< 4 mm/h) Slow (< 4 

mm/h) 

Slow (< 4 

mm/h) 

Slow (< 4 

mm/h) 

Depth of hard rock No hard rock 

within 1 m 

No hard rock 

within 1 m 

No hard rock 

within 1 m 

No hard rock 

within 1 m 

No hard rock 

within 1 m 

No hard rock 

within 1 m 

No hard rock 

within 1 m 

Depth of soft rock No soft rock 

within 1 m 

No soft rock 

within 1 m 

No soft rock 

within 1 m 

No soft rock 

within 1 m 

No soft rock  

within 1 m 

No soft within 

1 m 

No softs within 

1 m 

Depth of stony layer class No significant 

stony layer 

within 1 m 

Moderately 

deep 

Shallow No significant 

stony layer 

within 1 m 

No significant 

stony layer 

within 1 m 

Shallow No significant 

stony layer 

within 1 m 
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Appendix 2.1 continued 

Soil property Soil type (soil family) 

 

 Templeton Pukeuri Morven Claremont Mayfield Steward Pahau 

K
ey

 c
h

em
ic

al
 

p
ro

p
er

ti
es

 Topsoil P 

retention 

Low (23%) Low (13%) Medium (43%) Low (22%) Low (19%) Medium (43%) Low (19%) 

S
o

il
 s

tr
u

ct
u

re
 a

n
d

 

in
te

g
ri

ty
 

Erodability of 

soil material 

Slight  severe moderate moderate moderate moderate moderate 

Structural 

vulnerability 

High (0.63) Very high 

(0.73) 

Moderate (0.51) Very high (0.72) High (0.62) Moderate (0.52) High (0.67) 

Pugging 

vulnerability 

Not available yet Not available 

yet 

Not available yet Not available yet Not available yet Not available yet Not available yet 

W
at

er
 m

an
ag

em
en

t 
T

o
p

so
il

 P
 

re
te

n
ti

o
n

 

Water logging 

vulnerability 

Low Low Very low Very low low Very low medium 

Drought 

vulnerability - if 

not irrigated 

Low Low Moderate Moderate Low Moderate Low 

Bypass flow Medium Medium Medium Medium or high Medium Medium High 

Hydrological 

soil group 

B C A C B B C 

 

 

 



 
 

284 
 
 

Appendix 2.1 continued 

Soil Property Soil type (soil family) 

 

 Templeton Pukeuri Morven Claremont Mayfield Steward Pahau 

W
at

er
 m

an
ag

em
en

t 

T
o

p
so

il
 P

 r
et

en
ti

o
n

 

Irrigability Flat to very gently 

undulating land 

with slight 

drainage/permeabil

ity restrictions and 

soils with high 

PAW 

Flat to very gently 

undulating land 

with slight 

drainage/permeabil

ity restrictions and 

soils with high 

PAW 

Flat to very gently 

undulating land 

with slight 

drainage/permeabil

ity restrictions and 

soils with high 

PAW 

Flat to very gently 

undulating land 

with slight 

drainage/permeabil

ity restrictions and 

soils with high 

PAW 

Flat to very gently 

undulating land 

with slight 

drainage/permeabil

ity restrictions and 

soils with high 

PAW 

Flat to very gently 

undulating land 

with slight 

drainage/permeabil

ity restrictions and 

soils with high 

PAW 

Flat to very gently 

undulating land 

with slight 

drainage/permeabil

ity restrictions and 

soils with high 

PAW 

 

C
o

n
ta

m
in

an
t 

m
an

ag
em

en
t 

N leaching 

vulnerabili

ty 

Low Medium High Medium  Medium  High  Medium  

P leaching 

vulnerabili

ty 

Medium Medium Low Medium  Medium  Low Medium  

Bypass 

flow 

Medium  Medium  Medium  Medium or high  Medium  Medium  High  

Dairy 

effluent 

(FDE) risk 

category 

C if slope > 7 deg 

otherwise D 

C if slope > 7 deg 

otherwise B 

C if slope > 7 deg 

otherwise D 

C if slope > 7 deg 

otherwise B 

C if slope > 7 deg 

otherwise D 

C if slope > 7 deg 

otherwise D 

C if slope > 7 deg 

otherwise B 

Relative 

Runoff 

Potential 

Very low Very low Very low high Very low Very low Very low 
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Appendix 3.1 Measurement procedures used to calculate bulk density to account for gravel 

collected within the soil bulk density sample adapted from (Vincent and Chadwick, 1994) 

Measured for whole sample Symbol Description 

   

Depth  7.5 cm 

Mass of all gravel M≥2 Sum for all gravel ≥2mm 

Mass of fines < 2mm M<2 Sum for all fines ≥2mm 

% of total mass < 2mm % M<2  

Mass total MT  

Volume of sample VT  

   

Calculated for sample Symbol Description 

   

Bulk volume of gravel ∑ 𝑉𝑏𝑘 ≥ 2  cm
3
, sum of all sieve sizes ≤2 

% of volume total as bulk gravel %Vbk>2 % = (∑ 𝑣𝑏𝑘 ≥ 2/VT) x 100 

Bulk density of sample BD g mc
-3

 

Bulk volume of fines Vbk<2 cm
3
 = VT-Vbk≥2 

Bulk density of fines  BD<2 M<2/Vbk<2 

   

Synthesized for whole soil Symbol Description 

   

Mass total MT g=M<2/(%M2<2/100) 

Bulk volume of gravel ∑𝑉𝑏𝑘𝑣 ≥ 2 ∗ cm
3
, sum of all sieve sizes ≤2 

Bulk density BD* g cm
-3

 = MT/(Vbk≤2+ ∑𝑉𝑏𝑘𝑣 ≥ 2 ∗) 
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Appendix 3.2 Eigen vectors from the Principal Component Analysis (PCA) of soil 

chemical properties for dairy treatments (nutrient loadings are expressed in gravimetric 

basis). 

Soil property PC1 PC2 PC3 PC4 

          

Bulk density -0.3116 0.2132 -0.0188 0.0593 

CEC 0.3594 0.3803 -0.0074 -0.1336 

C/N ratio -0.1768 0.2432 0.3484 0.2552 

Calcium 0.3282 0.3414 0.1356 -0.2775 

Electrical Conductivity 0.3303 -0.0591 -0.2620 0.0289 

Potassium 0.1951 -0.1321 -0.3537 -0.0464 

Magnesium 0.2236 0.3200 -0.3887 0.3184 

Sodium 0.0585 0.4341 -0.1986 0.5148 

Soil organic carbon 0.3825 -0.2162 0.2455 0.2280 

Total nitrogen 0.3958 -0.2705 0.1386 0.1514 

Phosphorus 0.3337 -0.0591 0.0983 -0.2490 

Volumetric water content 0.1338 -0.0061 0.5560 0.4070 

Soil pH 0.0433 0.4460 0.2779 -0.4057 

     

Eigenvectors 4.32 2.15 1.43 1.24 

%Variance 33.3 16.5 11.0 9.5 

Cum variance 33.3 49.8 60.8 70.3 
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Appendix 3.3 Soil physical, chemical and biological property estimates showing differences between treatments. In this analysis, nutrients 

calculated per area basis (gravimetric) in dairy only treatments are compared.  

 PC/Soil property Transformation 

used 

Treatment  

Untreated Effluent Only Irrigation only Effluent & 

Irrigation 

se p-value 

PC1  Untransformed -1.61 -0.38 0.05 1.09 0.30 <0.001 

PC2  Untransformed 0.07 0.35 -0.26 -0.04 0.24 0.234 

PC3  Untransformed 0.08 0.16 -0.03 -0.30 0.19 0.140 

PC4  Untransformed 0.25 0.46 -0.40 0.04 0.17 <0.001 

SOC (wt C wt soil
-1

) Untransformed 6.02 6.45 6.10 6.70 0.26 0.067 

Total N (wt N wt soil
-1

) Untransformed 0.48 0.52 0.53 0.60 0.02 0.006 

Phosphorus (mg P kg
-1

 

soil) 

Square root 101.14 115.99 121.00 138.30 3.4 0.005 

CEC (cmolc kg
-1

 soil) Square root 10.43 11.51 12.16 12.99 0.47 0.003 

Ca (cmolc kg
-1

 soil) Untransformed 8.56 9.36 10.34 10.97 0.31 0.011 

Mg (cmolc kg
-1

 soil) Log base 10 1.32 1.42 1.35 1.58 0.06 0.008 

K (cmolc kg
-1

 soil) Square root 0.38 0.45 0.50 0.58 0.04 0.002 

Na (cmolc kg
-1

 soil) Natural log 0.18 0.23 0.13 0.16 0.01 <0.001 
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Appendix 3.4 Predictor parameter values in GLMMs to predict soil properties from dairy treatment and earthworms  

Soil property PC1  PC2  PC3  PC4  Bulk density  

(gcm
-3

) 

SOC  

(kg C m
-2

) 

Total N  

(kg N m
-2

) 

P  

(mg P m
-2

) 

Transformation used Untransformed Untransformed Untransformed Untransformed Untransformed Natural log Natural log Square root 

 Constant 0.95480 -0.45740 -0.40690 0.08091 0.83420 4.18400 0.40030 5540.00000 

se 0.37692 0.31477 0.18141 0.21134 0.02342 0.16790 0.01610 409.50000 

T
re

at
m

en
t 

Untreated -2.32100*** 0.92350 0.67200** 0.22610* 0.26548*** -0.73790* -0.11301 -939.40000* 

Effluent only -1.58000*** 1.01500 0.78790** 0.04890* 0.07321*** -0.57740* -0.10209 -980.40000* 

Irrigation only -0.64200*** 0.34850 0.09560** -0.43350* 0.02179*** -0.351708 -0.05041 -244.20000* 

Effluent and 

irrigation 

0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

se 0.48920 0.43690 0.30880 0.35850 0.03274 0.26540 0.02211 146.90000 

E
ar

th
w

o
rm

s 
m

ea
su

re
s 

A. caliginosa -0.00039 0.00020 0.00017 -0.00008 -0.00001 -0.00038 -0.00002  

se 0.00042 0.00003 0.00026 0.00024 0.00003 0.00022 0.00002  

L. rubellus -0.00002 -0.00045 -0.00094 0.00017 -0.00002 -0.00008* -0.00003*  

se 0.00840 0.00055 0.00053 0.00049 0.00006 0.00005 0.00001  

EW Density         

se         

EW Biomass        0.71310 

se        1.28232 

 Pasture dry 

matter 

0.00019 -0.00049 -0.00001 -0.00004 -0.00001 0.00007 0.00001 -0.02629 

se 0.00029 0.00023 0.00002 0.00019 0.00002 0.00013 0.00001 0.34432 

 days since 

grazed 

-0.02540 0.01283 0.01032 -0.01417 0.00008 -0.00351 -0.00046 -30.91000 

se 0.01627 0.01517 0.00871 0.01061 0.00115 0.00707 0.00076 18.47500 

 Parameter values are significance at ***p<0.001, **p<0.01 and *p<0.05 from REML Genstat model. 
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Appendix 3.4 continued 

Soil property CEC 

(cmolc m
-2

) 

Ca 

(cmolc m
-2

) 

Mg  

(cmolc m
-2

) 

K 

(cmolc K m
-2

) 

Na 

(cmolc m
-2

) 

Water Content 

(gcm
-3

) 

Soil pH   Conductivity 

(µS/cm) 

Transformation used Square root Untransformed Log base 

10 

Natural log Natural log Untransformed Untransformed Untransformed 

 Constant 536.70000 422.40000 70.85000 27.92000 9.28100 0.34220 5.73000 538.80000 

se 27.16000 22.78000 5.91000 2.12900 1.10190 0.00567 0.07880 31.74000 

T
re

at
m

en
t 

Untreateed -98.76000* -54.58000* -10.32500 -12.71100*** -1.08800*** -0.09547** 0.06963 -206.20000*** 

Effluent only -27.79000* -9.21000* -10.44300 -10.34400*** 0.94400*** -0.08890** 0.14749 -157.50000*** 

Irrigation only 12.80000* 31.86000* -6.56900 -3.11300*** -2.60100*** -0.00431** -0.03307 -78.80000*** 

Effluent and 

irrigation 

0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

se 15.80000 21.78000 7.97900 2.51000 0.52460 0.00975 0.12390 52.06000 

E
ar

th
w

o
rm

s 
m

ea
su

re
s 

A. caliginosa -0.00573  0.00098    -0.00007 -0.01168 

se 0.03027  0.00499    0.00008 0.04440 

L. rubellus -0.03298  0.00266    -0.00009 0.01197 

se 0.06036  0.00991    0.00015 0.08875 

EW Density  -0.01148   -0.00100    

se  0.02213   0.00084    

EW Biomass     -0.00697  0.00036   

se    0.00703  0.00008   

 Pasture dry 

matter 

-0.02158 0.00765 0.00021 0.00075 -0.00063 -0.00001 -0.00001 0.01425 

se 0.02264 0.01923 0.00429 0.00220 0.00087 0.00001 0.00001 0.02673 

 days since 

grazed 

-0.15160 -0.55400 -0.38650 -0.14870 -0.05462 0.00021 -0.00001 -1.75000 

se 1.29204 1.09733 0.27203 0.12082 0.05649 0.00034 -0.00001 1.42360 

 Parameter values are significance at ***p<0.001, **p<0.01 and *p<0.05 from REML Genstat model. 
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Appendix 3.5 Predictor parameter values in GLMMs to predict soil properties from the interaction of irrigation & stock and earthworms  

Soil property  PC1  PC2  PC3  PC4  BD (gcm
-3

) SOC  

(kg C m
-2

) 

Total N  

(kg N m
-2

) 

P (mg P m
-2

) 

 Transformation 

used 

Untransformed Untransformed Untransformed Untransformed Untransformed Natural 

log 

Square root Untransformed 

 Constant -0.99091 0.32390 -0.68300 -0.46700 0.84412 3.73300 0.28200 4762.00000 

se 0.46522 0.37930 0.24732 0.17442 0.02342 0.25550 0.02412 623.20000 

S
to

ck
 Dairy 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Sheep/beef 1.41090 -0.89930 1.90620*** 0.37160 0.13265 0.50240* 0.14740* -881.60000 

se 0.86570 0.73400 0.47580 0.36710 0.07321 0.32660 0.04549 1040.00000 

Ir
ri

g
at

io

n
 

Unirrigated 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Irrigated 1.41460 -0.66290 0.61400 0.74870 -0.26548 0.12426 0.07582 876.50000* 

se 0.53730 0.43830 0.28570 0.20250 0.12634 0.22380 0.02787 541.90000 

 Dairy urrigated 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Ir
ri

g
at

io
n
 &

 

S
to

ck
 

in
te

ra
ct

io
n
 

Dairy irrigated 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Sheep/beef 

unirrigated 

0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Sheep/beef 

irrigated 

-1.66420* 1.57950* -1.38750*** -1.38020 -0.16548*** -0.04625 -0.10898* -1006.50000** 

se 0.82610 0.76790 0.49540 0.36490 0.02179 0.36940 0.04469 683.10000 

E
ar

th
w

o
rm

s 

A. caliginosa 0.00002 0.00056 0.00001  -0.00003 -0.00060 -0.00001 -0.50560 

se 0.00055 0.00044 0.00031  0.00005 0.00242* 0.00002 0.59389 

L. rubellus -0.00057 0.00041 -0.00001  -0.00002 0.00004 -0.00009* 0.40710 

se 0.00108 0.00086 0.00059  0.00006 0.00002 0.00004 1.15956 

EW Density          

se         

EW biomass   -0.00027     

se    0.00066     

       Parameter values are significance at ***p<0.001, **p<0.01 and *p<0.05 from REML Genstat model. 
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Appendix 3.5 continued 

Soil property CEC  

(cmolc m
-2

) 

Ca  

(cmolc m
-2

) 

Mg  

(cmolc m
-2

) 

K 

(cmolc m
-2

) 

Na 

 (cmolc m
-2

) 

Soil water  

(gm
-3

) 

Soil pH  Conductivity 

(µS/cm) 

 Transformation 

used 

Log base 

10 

Untransformed Natural log Natural log Untransformed Untransformed Untransformed Untransformed 

 Constant 471.10000 364.50000 66.85000 19.10000 8.89300 0.32184 5.77000 300.50000 

se 30.69000 22.09000 5.86500 3.16100 0.88130 0.00657 0.08500 26.69000 

st
o
ck

 Dairy 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Sheep/beef 22.53000 30.15000 -17.14300 8.60100 -2.04200* -0.00431 -0.22660 54.58000 

se 59.45000 47.72000 9.91700 5.19100 1.45200 0.00065 0.16198 56.35000 

Ir
ri

g
at

i

o
n

 

Unirrigated 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Irrigated 55.85000 76.87000*** -2.22000 5.51700 -0.05681 0.09754** -0.07405 140.18000*** 

se 35.45000 24.99000 5.21400 2.96900 0.79800 0.00546 0.09821 30.32000 

Ir
ri

g
at

io
n
 

&
 S

to
ck

 i
n
te

ra
ct

io
n
 Dairy 

unirrigated 

0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Dairy irrigated 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Sheep/beef 

unirrigated 

0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Sheep/beef 

irrigated 

-36.89000 -50.62000 11.09900 -13.17800*** 3.27070* 0.07634 0.29580 -151.13000** 

se 63.22000 46.45000 9.31700 5.47000 1.33500 0.00548** 0.16190 52.48000 

E
ar

th
w

o
rm

s 

A. caliginosa 0.03355  0.00418 -0.00108 -0.00072  0.00006  

se 0.03862  0.00480 0.00327 0.00094  0.00010  

L. rubellus -0.02155  -0.00243 -0.00234 -0.00030  -0.00019  

se 0.07499  0.00947 0.00645 0.00184  0.00018  

EW Density  0.00642      -0.08132** 

se  0.02311      0.03396 

EW Biomass      0.00014**   

se      0.00008   

 Parameter values are significance at ***p<0.001, **p<0.01 and *p<0.05 from REML Genstat model. 
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Appendix 5.1 Spearman's correlation coefficients showing relationships between soil chemical properties, earthworm and microbial variables. 

Figures in bold typeface are significantly different at the 5% level.  

 SOC Total N C/N ratio AMN CEC Ca Mg K Na % BS 

SOC 1          

Total N 0.855 1         

C/N ratio 0.119 -0.217 1        

Mineralisable N (AMN) 0.390 0.342 0.058 1       

CEC 0.550 0.587 -0.116 0.069 1      

Ca 0.428 0.365 0.098 0.188 0.705 1     

Mg 0.441 0.517 -0.151 0.168 0.703 0.477 1    

K -0.065 -0.067 -0.124 -0.285 0.302 -0.175 0.151 1   

Na 0.081 0.006 0.013 0.229 0.030 -0.172 0.095 0.225 1  

% BS 0.211 0.082 0.087 0.124 0.383 0.788 0.327 0.003 -0.09 1 

pH 0.162 0.010 0.310 0.143 0.258 0.496 0.183 -0.023 -0.069 0.511 

Olsen P 0.153 0.291 -0.431 0.114 0.231 -0.156 0.269 0.302 0.061 -0.181 

Resin P 0.214 0.371 -0.463 0.149 0.380 0.032 0.331 0.269 -0.075 -0.066 

Organic S 0.404 0.427 -0.081 -0.030 0.387 0.164 0.300 0.104 -0.052 0.011 

Bulk Density -0.065 -0.067 -0.124 -0.285 0.302 -0.175 0.151 0.653 0.225 0.003 

Anecic + Endogeics EW 0.070 0.060 0.034 0.059 0.030 0.069 -0.037 -0.179 -0.059 -0.036 

Epigeics 0.312 0.028 -0.021 0.258 -0.090 0.076 -0.092 -0.058 0.135 0.032 

Microbial biomass -0.012 -0.091 0.055 0.469 -0.266 -0.143 -0.082 -0.131 0.043 -0.064 

Microbial quotient 0.012 -0.103 0.208 -0.377 0.150 0.018 0.001 0.336 -0.041 0.036 

Microbial respiration -0.012 -0.145 0.310 -0.217 0.076 -0.004 -0.045 0.226 -0.144 -0.035 

 SOC Total N C/N ratio AMN CEC Ca Mg K Na %BS 
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Appendix 5.1 continued 

 pH Olsen P Resin P Organic 
S 

Bulk 
Density 

Anecis +  
Endogeics 

Epigeics Micronial 
respiration 

Microbial 
quotient 

Microbial 
respiration 

pH 1          
Olsen P -0.332 1         

Resin P -0.175 0.895 1        
Organic S 0.079 0.078 0.075 1       
Bulk Density -0.023 0.302 0.269 0.104 1      
Anecics + 
Endogeics 

0.232 -0.144 -0.047 0.181 -0.179 1     

Epigeics  -0.081 0.094 0.083 -0.254 -0.058 -0.005 1     
Microbial biomass 
C 

0.072 0.017 0.061 -0.288 -0.131 0.081 0.206 1   

Microbial quotient 0.338 -0.132 -0.097 0.250 0.336 0.197 -0.196 -0.492 1  
Microbial 
respiration 

0.530 -0.250 -0.135 0.174 0.226 0.328 -0.238 -0.035 0.799 1 

 pH Olsen P Resin P Organic 
S 

Bulk 
Density 

Anecis +  
Endogeics 

Epigeics Micronial 
respiration 

Microbial 
quotient 

Microbial 
respiration 
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Appendix 5.2 PCA of gravimetric soil chemical properties without bulk density for organic and conventional farms 

Soil property PCA Component Loading 

PC1 PC2 PC3 PC4 

Cation Exchange Capacity 0.440 -0.113 0.005 -0.034 

C/Nratio -0.028 -0.387 -0.248 0.043 

Calcium 0.365 -0.306 0.215 0.075 

Potassium 0.241 0.259 0.317 -0.298 

Magnesium 0.406 0.035 0.090 -0.223 

Sodium 0.059 0.048 -0.183 -0.840 

Olsen Phosphorus 0.125 0.474 0.160 0.130 

Organic Sulphur 0.210 0.059 -0.344 0.177 

Resin Phosphorus 0.222 0.387 0.249 0.272 

Soil Organic Carbon 0.369 -0.024 -0.435 0.114 

Total nitrogen 0.383 0.099 -0.367 0.099 

%Total Base saturation 0.200 -0.338 0.412 0.005 

pH 0.116 -0.413 0.225 0.052 

     

Eigenvectors 4.18 2.73 1.72 1.10 

%Variance 32.2 21.0 13.2 8.5 

Cum variance 32.2 53.2 66.4 74.8 
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Appendix 5.3 Predicted effects of Land form on soil properties, earthworms and microbes.   

PC/Soil property 

 

Landform 

  

Predictor p-values 

 

Transformation used Crest Flat  Slope se System Time BACI interaction Land form 

PC1  Untransformed  0.43 0.17 -0.68 0.73 0.899 0.128 0.148 0.011 

PC2  Untransformed  -0.90 0.45 -0.12 0.24 0.008 <0.001 0.008  0.010 

PC3  Untransformed  0.05 -0.27 0.29 0.28 0.677 0.007 0.717 0.348 

PC4  Untransformed  -0.60 0.42 0.13 0.32 0.716 0.894 0.008 0.002 

Bulk density (g cm-3) Untransformed 0.70 0.68 0.74 0.03 0.598 0.632 0.006 0.062 

SOC (kg C m-2) Square root 4.94 5.17 4.47 0.24 0.540 0.573 0.103 0.056 

Total (N kg N m-2) Untransformed  0.49 0.47 0.43 0.20 0.286 0.512 0.190 0.015 

CEC (cmolc m-2) Untransformed  1177.07 1196.76 1122.78 118.46 0.857 0.001 0.555 0.430 

Ca (cmolc m-2) Untransformed  615.70 701.04 625.76 120.00 0.075 0.069 0.535 0.902 

Mg (cmolc m-2) Natural log 119.03 105.27 84.34 11.77 0.948 0.378 0.082 0.002 

K (cmolc m-2) Untransformed  52.52 51.29 55.42 2.46 0.639 0.599 0.006 0.067 

Na (cmolc m-2) Square root 10.57 13.41 11.91 1.11 0.431 0.002 0.080 0.100 

Olsen P (mg P m-2) Natural log 2798.95 1870.57 1754.61 126.83 0.088 <0.001 0.011 0.002 

Resin P (mg P m-2) Untransformed  8112.65 4871.87 5840.44 306.81 0.125 0.138 0.506 <0.001 

Org. S (mg S m-2) Untransformed  759.04 642.27 703.20 41.15 0.034 0.004 0.068 0.228 

Base saturation (%)  Untransformed  66.62 71.75 66.08 4.84 0.016 0.293 0.204 0.726 

Soil pH  Untransformed  6.07 6.19 6.01 0.01 0.003 <0.001 0.760 0.150 
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Appendix 5.4 PC and soil property estimates and p-values showing differences Before and After conversion 

Nutrient loadings have been expressed using the gravimetric approach (weights of nutrients per kg of soil) 

PC/Soil property Transformation 

used  

Farming system predicted means Predictor p-value 

Conventional  Organic  

Before After Before After se System Time BACI 

interaction 

Land form 

PC1  Untransformed -0.29 -0.24 -0.01 0.24 0.34 0.251 0.454 0.632 0.002 

PC2  Untransformed 1.44 0.51 0.14 -1.38 0.39 0.012 <0.001 0.032 <0.001 

PC3  Untransformed 0.04 -0.37 0.26 -0.001 0.36 0.539 0.009 0.494 0.060 

PC4  Untransformed -0.09 0.31 -0.35 0.26 0.21 0.272 <0.001 0.477 0.466 

SOC (%Cwt wt
-1

soil) Untransformed 9.05 9.17 9.36 9.83 0.49 0.571 0.131 0.418 0.046 

Total N (%Nwt soil w
t-1

) Untransformed 0.91 0.89 0.90 0.90 0.05 0.972 0.774 0.639 0.008 

CEC (cmolc kg
-1

 soil) Untransformed 21.07 22.75 21.19 23.94 1.27 0.571 0.004 0.467 0.098 

Ca (cmolc kg
-1

 soil) Untransformed 10.92 10.94 12.57 14.69 1.26 0.065 0.084 0.125 0.486 

Mg (cmolc kg
-1

 soil) Natural log 1.74 1.88 1.87 1.84 0.12 0.837 0.522 0.400 <0.001 

K (cmolc kg
-1

 soil) Untransformed 1.16 0.91 1.14 0.92 0.11 0.944 <0.001 0.662 <0.001 

Na  (cmolc kg
-1

 soil) Square root 0.25 0.21 0.26 0.19 0.01 0.526 <0.001 0.321 0.470 

Olsen P (mg P kg
-1

soil) Natural log 55.12 43.67 45.75 28.81 4.13 0.077 <0.001 0.146 <0.001 

Resin P (mg P kg
-1

soil) Square root 131.79 117.07 103.22 87.42 12.76 0.095 0.029 0.860 <0.001 

Org. S (mg S kg
-1

 soil) Untransformed 13.03 15.53 11.74 13.18 1.04 0.128 0.002 0.374 0.242 
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Appendix 5.5 Gravimetric measurements for PCs and soil property means and p-values before and after conversion 

Nutrients have been expressed as a fraction of known sample weight and earthworm and microbial explanatory variables are excluded. 

PC/Soil property Transformation used Time Farming system 

Before After se p-value Conventional Organic se p-value 

PC1  Untransformed -0.15 0.01 0.24 0.454 -0.26 0.12 0.26 0.251 

PC2  Untransformed 0.79 -0.43 0.12 <0.001 0.97 -0.62 0.48 0.011 

PC3  Untransformed 0.15 -0.19 0.11 0.009 -0.17 0.13 0.45 0.539 

PC4  Untransformed -0.22 0.29 0.14 <0.001 0.11 -0.05 0.13 0.272 

SOC (kg C m
-2

) Untransformed 9.20 9.50 0.16 0.131 9.11 9.60 0.81 0.571 

Tot N (kg N m
-2

) Untransformed 0.91 0.89 0.02 0.972 0.90 0.91 0.06 0.774 

CEC (cmolc m
-2

) Untransformed 21.13 23.34 0.57 0.004 21.91 22.56 1.13 0.571 

Olsen P (mg P m
-2

) Natural log 50.32 35.86 4.91 <0.001 49.22 36.79 6.74 0.077 

Resin P (mg P m
-2

) Square root 117.07 101.80 7.37 0.029 124.32 95.26 11.07 0.095 

Calcium (cmolc Ca m
-2

) Untransformed 11.74 12.82 0.68 0.084 10.93 13.63 1.23 0.065 

Mg (cmolc m
-2

) Natural log 1.80 1.86 0.09 0.522 1.80 1.85 0.07 0.837 

K (cmolc m
-2

) Untransformed 1.15 0.91 0.05 <0.001 1.03 1.02 0.07 0.944 

Sodium (cmolc Na m
-2

) Square root 0.26 0.20 0.02 <0.001 0.23 0.22 0.05 0.526 

Organic S (mg S m
-2

) Untransformed 12.39 14.35 0.59 0.002 14.28 12.46 0.96 0.128 
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Appendix 5.6 Predictor parameter values in GLMMs to predict soil properties from BACI treatments, earthworms and soil microbes. 

 PC1  PC2 a PC3 a PC4 a SOC (kg 

C m
-2

) 

Total (N kg 

N m
-2

) 

CEC (cmolc 

m
-2

) 

Ca  

(cmolc m
-2

) 

Mg  

(cmolc m
-2

) 

Transformation used Not Not Not Not Square 

root 

Not Not Not Natural log 

Constant -0.95950 -2.04400 0.30750 -0.64340 4.41400 0.42360 916.30000 392.70000 88.32950 

se 0.93792 0.48020 0.49480 0.46772 0.33860 0.02703 149.76000 148.03000 17.54000 

 Conventional Before 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Conventional After 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Organic Before 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Organic After -1.02780 0.79100
***

 0.19151 -0.7344
***

 -0.65480 -0.06150 -98.84000 25.50900 -17.90400 

se 0.53820 0.30500 0.26550 0.26130 0.32500 0.02624 78.97000 67.99000 10.61000 

Landform crest 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Landform flat -0.25100
**

 1.35020 -0.25890 1.01230 0.32100 -0.18180 35.61000 94.94000 -11.97000 

Landform slope -1.0278
**

 0.77340 0.27900 0.72190 -0.41530 -0.05426 -34.94000 23.62000 -33.42000 

se 0.39010 0.35260 0.35670 0.37580 0.33680 0.02672 119.70000 115.50000 18.11600 

Epigeics -0.00073 -0.00038  -0.00189*** -0.00103 -0.00003 -0.04130 0.06291 -0.03303 

se 0.00123 0.00072  0.00059 0.00071 0.00005 0.18023 0.15550 0.02445 

Anecic + Endogeics 0.00019 0.00008  0.00012 0.00012 -0.00001 0.03781 0.08671 0.00211 

se 0.00078 0.00047  0.00038 0.00046 0.00003 0.11443 0.09886 0.01596 

Earthworm biomass   0.00014       

se   0.00068       

Microbial biomass C  0.10640 -0.01325 0.00356 -0.01587 0.02435 0.00089 13.58000 15.74000 1.56100 

se 0.07525 0.04449 0.03999 0.03636 0.04308 0.00035 11.00500 9.51300 1.51330 

Microbial quotient 0.00967* 0.00630 -0.00133 0.00374* 0.00365 0.00028
***

 1.65300
**

 2.00100
*
 0.07712 

se 0.00763 0.00467 0.00418 0.00268 0.00449 0.00008 1.11340 0.95710 0.15444 

 Microbial respiration -0.00312** -0.00042 0.00059 0.00010 -0.00087 -0.00017
***

 -0.54140
***

 -0.51560
***

 -0.03854 

se 0.00106 0.00063 0.00056 0.00051 0.00062 0.00005 0.15566 0.13403 0.02127 

Parameter values are significance at ***p<0.001, **p<0.01 and *p<0.05  
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Appendix 5.6 continued 

Predictors  K 

 (cmolc m
-2

) 

Na  

(cmolc m
-2

) 

Olsen P  

(mg P m
-2

) 

Resin P 

 (mg P m
-2

) 

Org. S (mg S 

m
-2

) 

% Base 

saturation  

Bulk 

Density (g 

cm
-3

) 

C/N ratio Soil pH  

Transformation    used Not Square root Natural log Not Not Not Not Not Not 

Constant 51.62000 11.83360 3278.03684 8869.00000 628.30000 61.99000 0.68820 9.48700 5.77700 

se 3.51700 2.87640 392.23800 1047.40000 66.54000 6.24300 0.04689 0.19200 0.10100 

Conventional Before 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Conventional After 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Organic Before 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Organic After -4.66100
***

 -3.26150 -505.1
**

 -365.00000 -193.86
*
 4.30700 -0.06215 0.22743

*
 0.05177 

se 2.05200 1.94100 265.00000 806.30000 68.90000 3.72500 0.02735 0.12530 0.06700 

Landform crest 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

Landform flat -1.23300 4.37800 -912.0
***

 -3413
***

 -68.00
*
 5.12900 -0.01644 0.8843

**
 0.10342 

Landform slope 2.89400 1.71800 -911.5
***

 -2459
***

 -81.18
*
 -0.54400 0.03859 0.6278

**
 -0.12641 

se 1.53500 2.60300 254.60000 855.00000 38.17000 4.83900 0.03512 0.20340 0.08549 

Epigeics -0.00047 -0.00675 1.00035 4.09000
***

 -0.35400
*
 -0.00139 -0.00001  0.00008 

se 0.00475 0.00338 0.78943 1.83301 0.14319 0.00825 0.00007  0.00016 

Anecics + Endogeics  -0.00389 0.00377 -1.00001 -0.49790 0.04649 0.00603 0.00004  -0.00009 

se 0.00308 0.00201 0.51585 1.20158 0.08822 0.00518   0.00011 

Earthworm density        0.00005  

se        0.00018  

Earthworm biomass 0.33310 0.03735 -32.61000 151.700
***

 -6.98800 0.21650 0.00444 -0.01311 0.00365 

se 0.29901 0.20222 45.85200 68.52000 8.45651 0.50280 0.00387 0.01973 0.00990 

Microbial quotient 0.04372
*
 0.01543 -6.57300

*
 -10.74000

*
 0.45190 0.06904 0.00058 0.00116 0.00058 

se 0.02932 0.01929 2.85140 7.56400 0.87467 0.04985 0.00049 0.00214 0.00105 

Microbial respiration -0.00146 -0.00005 0.36060 -0.56720 -0.12196
*
 -0.01080 -0.00002 -0.00006 0.00005 

se 0.00411 0.00283 0.67745 1.59329 0.08056 0.00704 0.00005 0.00029 0.00014 

Parameter values are significance at ***p<0.001, **p<0.01 and *p<0.05 
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Appendix 6.1 Farmer questionnaire  

General instructions: 

 Please tick for your best answer in the box provided and add detail if required.  

 Please return the questionnaire to Bonface O Manono, CSAFE, University of Otago,       

P O. Box 56, Dunedin 9054 using the post-paid envelope provided. 

 

Background Information on you and your farm 

Your name: ........................................................................................................................ 

In what year were you born? …………………………………… 

What is your role on the farm?     

 Owner [   ]             manager [   ]              share milker [   ]           other [   ].  

If you ticked other, please specify ………………………………………………… 

Type of Farm:      

Dairy [   ]        Sheep beef [   ]            Dairy support [   ]           other [   ] 

If you ticked other, please specify…….....................................……. 

Farm Area: ................................... Number of stock......................................................... 

Do you irrigate your farm?                             Yes [   ]    No [   ]. 

Do you spread effluent on your farm?            Yes [   ]                               No [   ].       

In which year did you start irrigating your land?  …….......................…… 
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1. How much do you agree or disagree with the following statements on irrigation and effluent dispersal? Please tick one 

choice from the range displayed for each line and provide further comment if need be.  

Statement 

S
tr

o
n

g
ly

 

a
g
re

e
 

A
g
re

e
 

N
ei

th
er

 

a
g
re

e 
n

o
r 

d
is

a
g
re

e 

D
is
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g
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e
 

S
tr

o
n

g
ly

 

d
is

a
g
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e 

Please comment 

Irrigation increases soil quality.       

Irrigation increases the number/activity of earthworms       

Irrigation promotes soil microbial activity.       

Effluent dispersal increases soil quality.       

Effluent dispersal promotes earthworm 

numbers/activity. 

      

Having both effluent and irrigation has multiple 

effects on soil quality. 

      

Irrigated paddocks with effluent have higher quality 

pasture than non-effluent but irrigated paddocks. 

      

I leave cows to graze for longer in effluent paddocks 

than non-effluent paddocks. 

      

I spread effluent on my farm only because I want to 

prevent it from going to the waterways. 

      

I spread effluent on my farm as a viable nutrient 

resource. 
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2. What do you consider to be more or less important in contributing to your own success and that of your farm in economic, 

social and environmental terms over the past five years? Please tick one of the displayed choices for each line. 
 

Issue 

Tick one box please 

V
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o
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p
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1. Soil quality       

2. Animal health & welfare       

3. Water quality in nearby streams/waterways       

4. Animal production       

5. Pasture management (feed supply, renovation, weed control, etc.)       

6. Stock management (e.g. buying, selling, stocking rate, flushing, finishing)       

7. Effluent storage and  dispersal       

8. Irrigation water supply, storage or use.       

9. the number and varieties of bird species frequenting your farm       
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Issue 

Tick one box please 
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10. The number and varieties of tree species apart from pasture crops in your 

farm 

      

11. The number and varieties of insects and other invertebrate species in your 

farm 

      

12. Time to participate in community activities       

13. Scope for farm to be inherited by family members       

14. Other (please specify)       

15. Other (please specify)       
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3. How often to you take the following into account on whether to fertilize your land or not? Please tick one of the displayed 

choices for each line and comment if necessary.  

 

Factor 

A
lw
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s 
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S
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Comment on why 

Recommendations from soil tests 
       

Cost of fertilizer 
       

Whether the paddock receives irrigation water or not 
       

Whether the paddock receives effluent or not.        

Stocking rate        

Whether the paddock has been infested by weeds or not        

Weather/season        

Other (please specify)        

Other (please specify)        
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4. How much to you agree or disagree with the following statements in describing your overall general goal (strategy) when you 

want to determine whether to fertilize and the amount of fertilizer to put on a particular paddock. Please tick one of the 

displayed choices for each line and comment if necessary.  

 

Goal for fertilizing 
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Comment on why 

My goal is to maintain the current soil quality levels 
       

My goal is to build soil fertility levels for raising future productivity 
       

My goal is to arrest/stop previous soil quality decline (soil 

degradation). 

       

My goal is to try to minimise how much fertilizer I add to the soil 
       

I deliberately add more than recommended to ensure high 

production 

       

Other (please specify) 
       

Other (please specify) 
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5. Here are some soil indicators used by soil scientists to describe the health of soil; please tick one choice from the displayed 

range for each row to describe your level of familiarity with that indicator. 

Indicator 
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1. Total Carbon content      

2. Total Nitrogen content      

3.  Bulk density      

4. Soil moisture      

5.  Soil porosity      

6. pH (Acidity or Alkalinity)      

7. CO2 released (soil respiration)      

8.  Potentially mineralisable Nitrogen      

9.  Soil thatch (layer of dead plant material between actively 

growing grass and soil surface) and thatch thickness 

     

10. Earthworm biomass and density (numbers/weights)      

11. Microbial biomass      
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6. Below are some roles by which earthworms may improve soil health and fertility. Please tick one choice from the displayed 

range for each row to express your opinion on how much earthworms improve soil health and fertility. 

Role 

A
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t 
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Earthworms improve soil aeration      

Earthworms improve water penetration and retention      

Earthworms create channels for root growth      

Earthworms play a role in soil formation and mixing      

Earthworms play a role in soil organic matter decomposition      

Earthworms increase the efficiency of nutrient uptake by pasture       

Earthworms stimulate microbial activity      

Earthworms burry and shred plant residues and convert them into humus      

Other (please specify)      

Other (please specify)      
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7. Do you use earthworms as an indicator of soil health?      

                  Yes [   ]                  No [   ]                Not sure [   ]. 

8. If you answered yes above, how often do you check their numbers or activity? 

Otherwise go to question 12.      

 A few times a week       [   ]            A few times a month   [   ]             Once a month    [   ]                 

A few times in a year      [   ]               Once a year              [   ]              

9. From the choices below, please tick one choice for each row to indicate what you often 

check for earthworm numbers and activity.    

    

What do you check for? 

A
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N
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t 
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/N
A

 

Recording their numbers       

Checking for presence/absence of earthworm casts       

Checking for the number /size of earthworm burrows       

Digging an inspection hole to check for earthworms       

Other (please specify)       

Other (please specify)       

 

10. If you distinguish different species types of earthworms on your farm, on what 

basis do you distinguish them? Otherwise go to question 13.  

Colour [   ]      Length [   ]      Movement patterns [   ]        Depth in the soil [   ]      Other [   ]            

If you answered other, please indicate what........................................................................ 

.......................................................................................................................................................

..........................................................................................................................................    
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11. Do you know their species names?                                                                                    

Yes [   ]                   No [   ]                  Not sure [   ]                                                                  

If yes please specify their names..................................................................................  

12.  If you don’t use earthworms as an indicator of soil health, which of the following 

statements best represents your intention to use earthworms as an indicator of 

soil health in your farm within the next ten years?        

I certainly will use earthworms as an indicator of soil health in future             [   ]  

I may use earthworms as an indicator of soil health in future                           [   ]  

I have no intention to use earthworms in future                                                [   ]  

Not sure                                                                                                             [   ]. 

13.  Do you actively encourage earthworms on your farm?    
 

      Yes [   ]                            No [   ]                 Not sure [   ].                                                   

If yes, how do you do this?  ……................................……………….........…....…..  

..................................................................................................................................... 

.......................................................................................................................................   

……………………………………………………………………………...………… 

14. If you irrigate your land, have you noted any changes in earthworm numbers or 

activity between irrigated and unirrigated areas?  Otherwise go to question 15.   

 

Yes [   ]                No [   ]                  Not sure [   ].                                                             

 

If yes please specify the changes you have noted 

…............…….….....……...…… ….........................………………..…………… 

…………....................................... ...............……..……......................................... 

................................................................................................................................... 

15. If you disperse effluent onto your land, have you noted any changes to earthworm 

numbers where effluent is applied and where it is not? Otherwise go to Question  

                   Yes [    ]                   No [   ]           Not sure [   ].                                   

If yes please specify what changes you have noted........................................... 

……………………………………………………........... ....................................   
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16. In your opinion, are birds a threat to earthworm numbers or survival?                            

Yes [   ]          No [   ]                      Not sure [   ].  

17. How much do you agree or disagree with the following statements about changes in 

bird numbers and distribution in the events of irrigation and effluent dispersal. Please 

tick one of the displayed choices for each line and comment if necessary.  

Statement 
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Comment 

Bird numbers in paddocks 

increase immediately after 

irrigation. 

       

Bird numbers are higher in 

effluent paddocks than non-

effluent but irrigated 

paddocks. 

       

Birds always follow the 

irrigation spreader during 

effluent dispersal event. 

       

Birds feed on earthworms 

during irrigation and 

effluent dispersal events. 

       

Birds stay longer in effluent 

paddocks than non-effluent 

but irrigated paddocks. 

       

Birds frequent effluent 

paddocks even without an 

irrigation event.  

       

Presence/absence of birds 

in a paddock can give an 

indication on the 

productivity of that 

paddock 

       

Other (please specify) 
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18. Below are some roles by which microbes may improve soil health and fertility. Please tick one choice from the displayed 

range for each row to express your opinion on how much soil microbes improve soil health and fertility. 

Role 

A
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Microbes play a role in nitrogen fixation.      

Microbes play a role in increasing soil water retention.      

Microbes play a role in the maintenance of soil structure.      

Microbes play a role in the regulation of plant structure and succession.      

Microbes play a role in soil organic matter decomposition.      

Microbes play a role in soil formation.      

Microbes improve soil nutrient storage and uptake by pasture.      

Microbes improve soil aeration.      

Microbes are an important food source for many soil organisms.       

Microbes play a role in the degradation of chemicals and other hazardous materials 

reaching the soil. 

     

Other (please specify)      

Other (please specify)      
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19. Do you use microbial activity test results as an indicator of soil health?                             

          Yes [   ]             No [   ]                 Not sure [   ]. 

       If you answered yes above, how to you check for their activity? ......................  

........................................................................................................................................    

...........................................................................................................................................

......................................................................................................................................... 

20. If you answered no above, which of the following statements best represent your 

intention to use soil microbial test results as an indicator of soil health in your 

farm within the next ten years?  Otherwise go to question 21. 

      

I certainly will use microbial results as an indicator of soil health in future   [   ]  

I may use microbial test results as an indicator of soil health in future           [   ]  

I have no intention to use microbial test results in future                                [   ]  

Not sure                                                                                                           [   ]. 

21. If you irrigate your land, have you noted any changes in microbial test results in 

irrigated and unirrigated areas of your farm?  Otherwise go to question 22. 

         

Yes [   ]                 No [   ]               Not sure [   ].      

   

 If  you answered yes please specify what changes you have noted …………………… 

………………………………….....................................................................................……  

..................................................................................................................................................  

.................................................................................................................................................. 

22. If you disperse effluent to your land, have you noted any changes to microbial test 

results in effluent and non-effluent areas? Otherwise go to question 23. 

                        Yes [   ]                          No [   ]                          Not sure [   ].                                 

If yes please specify the changes you have noted ………...........…………………………… 

…...................................................................................................................................................  

…………………………………………………………………………………………………...    
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23. How much do you agree or disagree with the following statements on managing and monitoring of earthworms and 

microbes and their activities? please tick one choice from the displayed range 

 

Statement 
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1. The management and monitoring of earthworms and microbes will allow 

for decreased dependence on external inputs, and minimise expenses. 

     

2. Management and monitoring of earthworms and microbes is part of 

supporting and enhancing things that positively influence ecosystem 

health and natural cycles including unpredictable events. 

     

3. I lack knowledge and expertise with the methods required to manage 

earthworms and microbes. 

     

4. It is not technically or economically feasible to manage and monitor 

earthworms and soil microbes in my farm. 

     

5. Other (please specify)      
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24. Do you use the Overseer model or any other nutrient management model 

(Spasmo, EcoMod, Nplas, Apsim, Luci, etc.) when deciding how to fertilize 

your land? 

             Yes [    ]                       No [   ]                Not sure [   ]. 

25. If you answered yes to the above question, how often do you use nutrient 

models? Otherwise go to question 30. 

Always           [   ]                      Most times   [   ]                  Sometimes [   ]                 

Occasionally  [   ]                       Never          [   ] 

26. Who does your overseer analysis? 

        Me                    [   ]      Consultant                 [   ]       Fertilizer company   [   ]  

      Farm manager    [   ]      Designated farm worker     [   ]          Other             [   ] 

If you answered other please specify who. .............................................................. 

27. For what sort of decisions do you use nutrient management models? ...............  

...................................................................................................................................   

...................................................................................................................................   

................................................................................................................................... 

28. In your opinion, how reliable are nutrient management models in guiding 

nutrient use/movement in your farm?     

Always              [   ]                      Most times   [   ]             Sometimes   [   ]                      

occasionally     [   ]                      Never           [   ] 

29. Is there anything that you would like to be included in Overseer or the other 

nutrient management models to make their use more useful for your farming 

operations?    

                     Yes [   ]                        No [   ]                       Not sure [   ].                                            

 If you answered yes please specify which ones ……..............................….……….…   

.....…………………………………..…….......………………….......................………   

............................................................................................................................................     

 

 

30. If you do not use the Overseer or any other model, how much do you agree 

with the following statements on why you do not use them?  
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Statement 
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I lack the expertise with the methods 

required. 

      

Nutrient models have no benefits to the 

environment. 

      

Nutrient models are insufficient to 

recommend amount of fertilizer 

requirements. 

      

I use an alternative way of deciding how to 

fertilize my land. 

      

                                                                                                                                                           

If you use an alternative plan, please specify which one …………………………….. 

...…………................................................................….....................................……………   

................................................................................................................................................   

................................................................................................................................................ 

 

 

Thank you for giving your valuable time. All the responses will be treated with confidence 

and anonymity. If you have any questions please do not hesitate to contact me. Please 

return the completed questionnaire in the freepost envelope provided.  
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Appendix 6.2 Wilcoxon Matched Pairs test differences in responses to different questions in regard to irrigation and effluent dispersal 

 Effluent 

as 

resource 

Effluent 

worms 

Effluent 

enhances 

soil 

quality 

Irrigation 

increases 

worm 

numbers 

Irrigation and 

effluent has a 

double influence 

on  soil quality 

Irrigation 

enhances 

soil quality 

Irrigation 

enhances 

microbes 

Irrigation and 

effluent 

enhances 

pasture quality 

I leave cows 

for longer  in 

Effluent 

I leave cows 

for longer  in 

Effluent 

Effluent as resource  0.774 0.35 0.266 0.284 0.063 0.002 < 0.001 < 0.001 < 0.001 

Effluent worms   0.453 0.859 0.633 0.432 0.014 < 0.001 < 0.001 < 0.001 

Effluent enhances 

soil quality 

   0.809 1 0.613 0.027 0.001 < 0.001 < 0.001 

Irrigation increases 

worm numbers 

    1 0.227 0.016 0.004 < 0.001 < 0.001 

Irrigation and 

effluent has a 

double influence on  

soil quality 

     0.307 0.031 < 0.001 < 0.001 < 0.001 

Irrigation enhances 

soil quality 

      0.415 0.01 < 0.001 < 0.001 

Irrigation enhances 

microbes 

       0.224 < 0.001 < 0.001 

Irrigation and 

effluent enhances 

pasture quality  

        < 0.001 < 0.001 

I leave cows for 

longer  in Effluent 

         0.005 

 

 

 

 



 
 

317 
 

Appendix 6.3 Wilcoxon Matched Pairs test differences in responses to the questions of the goals of farmers to fertilise 

 Building soil 

fertility for 

future 

productivity 

Maintain 

current 

quality 

Minimise amount 

of fertilizer 

additions 

Stop previous soil 

quality decline 

Deliberately add 

more to ensure 

productivity 

Building soil fertility for future 

productivity 

 0.930 0.257 0.033  < 0.001 

Maintain current quality   0.057 0.186 < 0.001 

Minimise amount of fertilizer 

additions 

   0.751 < 0.001 

Stop previous soil quality decline     < 0.001 
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Appendix 6.4 Wilcoxon Matched Pairs test differences in responses to the same question on earthworm and soil microbe roles in soil functioning  

Earthworm or 

microbe role 

 A lot Moderate A little Not at all Don’t  know p-

value 

Earthworms Microbes Earthworms Microbes Earthworms Microbes Earthworms Microbes Earthworms Microbes  

Soil aeration 76 18 17 18 3 15  3 3 46 <0.001 

Water 

regulation  

53 15 21 24 12 30  9 15 21 0.002 

SOM 

decomposition 

71 39 15 46 9 12 3  3 3 0.034 

Soil mixing 53 22 24 31 21 3  3 3 41 0.623 

Nutrient 

cycling 

44 27 18 24 30 21 3 3 6 24 0.097 

Soil food webs 29 21 35 21 18 21 9 6 9 30 0.151 
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Appendix 6.5 Wilcoxon Matched Pairs test differences in responses to the question of the awareness of terms used by scientists to describe soil 

quality  

 Soil 

pH 

Soil 

moisture 

Total 

Nitrogen 

Earthworm 

density & 

biomass 

Soil 

porosity 

Bulk 

density 

Total 

Carbon 

Soil 

thatch 

Microbial 

Biomass 

Potential 

mineralisable 

N 

Carbon 

dioxide 

respiration 

Soil pH 1 0.289 0.039 < 0.001 < 0.001 < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  

Soil moisture   0.055 < 0.001 < 0.001 < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  

Total Nitrogen    0.015 0.007  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001 

Earthworm density 

& biomass 

    0.512 0.039 0.024 0.002 < 0.001 < 0.001 < 0.001 

Soil porosity      0.03 0.008 0.012 < 0.001 < 0.001 < 0.001 

Bulk density       0.442 0.201 0.054 0.019 0.002 

Total Carbon        0.501 0.145 0.063 0.005 

Soil thatch         0.812 0.262 0.068 

Microbial Biomass          0.503 0.143 

Potential 

mineralisable N 

          0.267 

Carbon dioxide 

respiration  

           

 

 

 


