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1 Abstract 
Contaminants from agricultural land use have degraded freshwater quality in New Zealand. 
Several mitigation strategies for agricultural pollutants are effective in New Zealand, 
however, in the high-country, these strategies are either inappropriate or their efficacy is 
poorly understood. The objective of this study was to determine the effectiveness of 
mitigation strategies that are promising yet underused on high-country farms in New 
Zealand, primarily constructed wetlands and riparian buffer strips. Water quality was 
monitored monthly on two high-country farms near Wānaka for 12 months, before, during, 
and after the implementation of a riparian buffer strip, and five years following the 
implementation of a constructed wetland. The constructed wetland attenuated E. coli and 
particulate organic matter strongly (60% and 50% reductions), and sulphate, suspended 
sediment, orthophosphate, and total phosphorus moderately (43%, 42%, 41%, and 36% 
reductions) during baseflow conditions. Ammonium experienced variable attenuation while 
nitrate and total nitrogen increased below the wetland (98% and 65% increases), likely due 
to the intrusion of groundwater, and not a reduction in attenuation. A before-after-control-
impact (BACI) study indicated that the attenuation capabilities of the constructed wetland 
responded inconsistently across variables during a sheep grazing event. Notably, E. coli, 
total phosphorus, and orthophosphate increased below the wetland following 70 sheep 
grazing upstream (67%, 62%, and 15% increases). Yet particulate organic matter and 
suspended sediment concentrations did not increase downstream following the grazing 
event. The riparian buffer was too immature (six months old) to attenuate contaminants 
effectively within the study timeframe. Although riparian buffers are likely to be effective 
mitigation strategies for high-country farms, as the constructed wetland of the study 
attenuated agricultural contaminants well, if not better than in other environments (with the 
exception of nitrate), because mitigation features experience less contaminant loading in the 
high-country. The findings, however, suggest these strategies can experience limitations on 
high-country farms. Riparian buffers take a long time to mature, particularly in the 
challenging high-country environment, and constructed wetlands may be more difficult to 
maintain on high-country farms due to competing land uses. Moreover, large high-country 
grazing events can undermine the attenuation capabilities of constructed wetlands, by 
overwhelming the system. Therefore, to ensure good water quality, mitigation strategies 
must be implemented promptly yet cautiously on high-country farms, and several strategies 
are needed for any one farm stream. 
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   Chapter One 

1 Introduction 
Clean freshwater is integral to society’s economic, cultural, social, and environmental needs. 

In New Zealand, freshwater bodies provide a range of services that are essential to tourism, 

agriculture, industry, Māori heritage, and the health and wellbeing of communities (Figure 

1.1; MFE & Stats NZ, 2017). The state and number of ecosystem services that freshwater 

bodies can provide is intimately linked to the quality and quantity of freshwater (MFE & 

Stats NZ, 2017). Therefore, the New Zealand public have a shared interest in ensuring the 

country’s freshwater resources are managed wisely, and that their quality is maintained. 

Such values are most acutely expressed in the high-country of New Zealand, where tensions 

exist between conservation, tourism, and farming. The objective of this thesis is to consider 

the water quality issues in the New Zealand high-country setting, a location of considerable 

farming that is largely overlooked by other water quality studies. Most impacts of agriculture 

on water quality are investigated in the lowland and coastal regions of New Zealand, and 

there is little research undertaken on the rolling hills, and mountainscapes of the central 

South Island where on-farm mitigation strategies are needed to improve the quality of 

receiving water bodies. The study areas for this thesis are small headwater streams that 

discharge into either the Matukituki River, or Lake Wānaka in the upper Clutha/Mata-Au in 

Otago. The specific intent is to quantify the water quality of streams draining high-country 

farms, and evaluate potential attenuation tools. By definition, a high-country farm is; 

…An extensive area of land at high altitude, the majority being more than 600 
m above sea level, run predominantly with fine wool sheep and beef cattle (Steeg 
& Temple, 2012; Beef and Lamb NZ, 2019). 

And as such, the farming stations around Lake Wānaka are an ideal location to explore the 

effects of agriculture on water quality, particularly when discharging into a highly valued, 

and sensitive receiving water body. 
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Figure 1.1. The economic, environmental, cultural, and social demands of clean freshwater 
in New Zealand. 

1.1 Ecosystem values in the upper Clutha Valley 
Freshwater bodies in the Lake Wānaka Catchment have substantial biodiversity value, and 

support indigenous fish, birds, aquatic plants and invertebrates, some of which are 

endangered (Figure 1.1; Shaping Our Future, 2014). For instance, Lake Wānaka and its 

tributaries are home to three New Zealand native fish species; Koaro, Common Bully, and 

Long Fin Eel (Catchments Otago, 2018). The Koaro and Long Fin Eel species are at risk of 

extinction due to habitat modification and declining freshwater quality (Catchments Otago, 

2018). Indigenous freshwater fish interact with invertebrates to create complex ecosystems, 

and a decline in just one species can cause major ecosystem deterioration (MFE & Stats NZ, 

2015). Therefore, maintaining freshwater quality in Wānaka is important for protecting not 

only vulnerable native fish, but invertebrates, birds, and other freshwater species. These 

species are important indicators of environmental health, but are also culturally significant. 

Māori have strong spiritual and ancestral ties to freshwater bodies in Wānaka (Figure 1.1). 

According to Māori, Lake Wānaka was dug by the Waitaha explorer Rākaihautū with his kō 

(Polynesian digging stick) named Tūwhakaroria (Beattie, 1945). For the local Iwi - Ngāi 

Tahu, the legend of Lake Wānaka provides a key link between the cosmological world of 

the gods and present generations, by reinforcing tribal identity and solidarity (NZ 
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Government, 1998). Furthermore, during the time of early Māori, numerous mahinga kai 

sites (food gathering places) were located around Lake Wānaka, and the Makarore (the 

Makarora River), Ōmakō (Lindis Pass), and Mata-au (the Clutha/Mata-Au River) were vital 

travel routes for Māori to access such resources (Beattie, 1945; Taylor, 1952). Historical 

mahinga kai and trails in Wānaka remain important to Ngāi Tahu today, as there use 

reinforces values like mana (authority and prestige), ahikāroa (identity), whanaungatanga 

(family ties), and whakaheke kōrero (the inter-generational transfer of knowledge) (NZ 

Government, 1998; MFE & Stats NZ, 2019). Therefore, the water quality of Lake Wānaka 

and its tributaries must be maintained, to preserve areas of cultural and spiritual significance 

to Māori.  

In Wānaka, clean freshwater is also important for activities such as swimming, boating, 

fishing, kayaking, and rowing (Figure 1.1; Shaping Our Future, 2014). To avoid human 

health implications freshwater bodies used for contact recreation must not be polluted (MFE 

& Stats NZ, 2015). Lake Wānaka and its tributaries are also home to introduced salmon and 

trout species, which are important game fish for the area (Catchments Otago, 2018). Good 

water quality is essential for providing anglers with plentiful opportunities to fish, by 

maintaining healthy salmon and trout populations (Shaping Our Future, 2014). Additionally, 

Lake Wānaka is valued by local people for the aesthetic, spiritual connections and sense of 

place it provides (MFE & Stats NZ, 2017). The lake has contributed to the experiences of 

local people in many ways and remains an integral part of their daily lives (Shaping Our 

Future, 2014). Therefore, the water quality of Lake Wānaka is fundamental to the spiritual 

well-being and prosperity of the public. 
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1.2 Competing water use and emergence of 
declining water quality 

Competing water use by agriculture and urbanisation present major challenges for 

maintaining freshwater biodiversity and environmental standards in the Wānaka area. The 

Wānaka township has intensified substantially over the last 5 years (144% population 

increase) (Stats NZ, 2018), and the increase in impervious surfaces and pressures on 

stormwater drainage systems can produce considerable point-source pollution for the Lake 

during rainfall events (e.g. WRC, 2018), particularly at Bremner Bay and McDougall Street 

which are the major stormwater outlets (C Arbuckle 2019, Pers. Comm., 11 December).  

Lake Wānaka is also extensively surrounded by high-country stations, farm systems central 

to this study. High-country farms near Wānaka rely on freshwater for crop irrigation and 

stock (Figure 1.1; NZ Government, 2017). While clean freshwater is important for animal 

health on high-country farms (Shaping Our Future, 2014), water quality has placed second 

in importance to water demand at times. For instance, many high-country streams in Wānaka 

are openly accessible to stock for drinking water (Beef and Lamb NZ, 2017), allowing 

animals to excrete in waterways and produce agricultural pollution. Open stream access is 

unavoidable in some high-country situations due to a lack of affordable or practical stock-

water alternatives (MPI, 2016). However, such environmental trade-offs, among others, 

inevitably make it challenging for high-country farms to meet regional guidelines for 

achieving good water quality in Wānaka and the rest of New Zealand (Beef and Lamb NZ, 

2017). 

As such, the water quality of high-country farms must be improved nationally. Agricultural 

deintensification is currently not viable as a stand-alone approach for improving water 

quality in the high-country, mostly due to market pressures and issues with subsidies (e.g. 

Ballingall & Lattimore, 2004; PCE, 2004). Mitigation strategies for agricultural 

contaminants, however, are a promising yet underused solution for improving freshwater 

quality on high-country farms, without foregoing farm economic viability (McDowell et al., 

2013). In particular, constructed wetlands and riparian buffer strips are promising strategies, 

as they attenuate the key agricultural contaminants of concern in New Zealand (NIWA, 

2007; McDowell et al., 2013; Muirhead, 2013) and can be transferred easily to the high-

country setting. 
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1.3 Research questions and thesis outline 
The aim of the study was to determine how effective constructed wetland and riparian buffer 

strip mitigation strategies are at attenuating agricultural contaminants from high-country 

farm streams in New Zealand. Several research questions were developed to achieve this 

aim using the Wānaka catchment as a case study; 

1. Why do high-country farms near Wānaka need mitigation strategies? 

2. What mitigation strategies are appropriate for high-country farms near Wānaka? 

3. How effectively can constructed wetlands and riparian buffer strips attenuate key 

agricultural contaminants from high-country farm streams near Wānaka? 

The following chapter is an overview of pertinent research that describes the sources of 

agricultural contaminants and their impacts on freshwater quality, the state of freshwater 

quality and specific management implementation in New Zealand, and the current 

understanding of mitigation strategies and their effectiveness. The methods chapter (3) 

outlines the field-based sample strategy of the study, along with the laboratory and data 

analysis techniques. These data are described in the results chapter (4) and are structured 

around data to address the three research questions, whereas the discussion chapter (5) 

explains the results in the broader context of relevant New Zealand studies and implications 

for implementing attenuation tools on high-country farms. Lastly, the conclusion (chapter 6) 

summarises the key findings of the study and their implications for freshwater management 

on high-country farms in New Zealand.  
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   Chapter Two 

2 Theoretical Review 

2.1 Agricultural pollution of freshwater 
Faecal microbes, nutrients, and sediment contaminants from agriculture are a threat to the 

economic, environmental, cultural, and social values associated with freshwater bodies in 

New Zealand (NZ Government, 2017). Water quality degradation in New Zealand, imposed 

in part by agricultural contaminants, has been particularly damaging for freshwater 

ecosystem function and species richness (Weeks et al., 2016). In 2017, 76% of native 

freshwater fish, 25% of native freshwater invertebrates, and 33% of native freshwater plants 

were at risk of extinction in New Zealand (MFE & Stats NZ, 2019). Additionally, only 65 

to 70% of fourth order streams (or higher) in New Zealand are now suitable for swimming 

because of reduced freshwater quality (MFE & Stats NZ, 2017). Restrictions on swimming 

and recreation in New Zealand waterways due to poor water quality are damaging to the 

country’s ‘100% pure’ image, which is a large driver of tourism and thus the economy. 

Faecal microbes, nutrients, and sediment all impact water quality differently due to their 

varying sources, pathways, processes, and quantities on New Zealand farms. It is important 

to note that while sources of contaminants can include point and non-point supplies, 

agricultural contaminants are typically of diffuse origin, as they cannot be constrained easily 

to a singular place or cause (McDowell et al., 2013). 

This chapter will describe the key sources and hydrological pathways of agricultural 

contaminants in New Zealand, their impacts on freshwater quality, and the increasing trend 

in contaminant concentrations with agricultural intensification (Section 2.1). Section 2.2 will 

describe the current methods for managing freshwater quality in New Zealand; and the 

importance of mitigation strategies for facilitating good water quality outcomes in this 

framework (Section 2.3). Mitigation strategy performance is poorly understood for the high-

country environment. Therefore, the last section (2.4) will examine the sampling strategy 
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required to monitor the efficacy of mitigation strategies on high-country farms in New 

Zealand. 

2.1.1 Nutrients: nitrogen, phosphorus, and sulphur 
Nitrogen (N) exists naturally in the atmosphere as nitrogen gas (N2) and ammonia (NH3), 

and as nitrate (NO3-), nitrite (NO2-), ammonium (NH4+), and organic N (ON) in soils and 

waterways (Figure 2.1). Similarly, sulphur (S) exists as sulphur dioxide (SO2) and hydrogen 

sulphide (H2S) in the atmosphere, or as sulphates (SO42-), sulphides (S2-), and organosulphur 

compounds (OS) in soils and waterways (Figure 2.2; Dodds, 2002). Phosphorus (P) can only 

exist in soils and waterways as either organic P (OP) or dissolved inorganic P (DIP) (Figure 

2.3; Diack, 2015). Forms of OP include dissolved organic P (DOP) and particulate P (PP) 

(Dodds, 2002). The most common form of DIP is orthophosphate (PO43-).  

 

Figure 2.1. The nitrogen cycle demonstrating pathways of different forms of N through the 
soil system and interactions with the hydrosphere and atmosphere. Source: Diack (2015). 
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Figure 2.2. The sulphur cycle demonstrating the complex interactions between sulphates, 
sulphides, and organosulphates. ‘A’ stands for assimilation. Source: Dodds (2002).  

The key diffuse sources of N, P, and S in agriculture are livestock, plants, and fertilisers 

(Figure 2.1; Figure 2.3; NIWA, 2007; Dymond et al., 2013). Plant residues and effluent from 

livestock carry contaminants into waterways through direct excretion into streams or erosion 

from the soil surface by runoff (Parkyn & Wilcock, 2004; Collins et al., 2007). Organic 

forms of N, P, and S from effluent and plant residues can be retained in the soil and broken 

down via the process of mineralisation, where bacteria digest organic N, P, and S and excrete 

NH4+, PO43-, and SO42- respectively (Figure 2.2; Robinson et al., 1989; Zhou et al., 1999; 

Baldwin et al., 2002; Hyland et al., 2005; Dordio et al., 2008). Ammonium can be converted 

into NO2- by nitrifying bacteria, which can then be converted by bacteria to NO3- (Schimel 

& Bennett, 2004). Fertilisers are also key sources of NO3-, NH4+, PO43-, and SO42- (WHO, 

2004; Lazzarotto et al., 2005; Geurts et al., 2009; Lamb et al., 2014). Ammonium from 

fertilisers and mineralised organic N can be a source of NH3, as under high pH conditions in 

the soil solution or waterways NH4+ can volatise to highly soluble NH3 (Ritter & Bergstrom, 

2001). Additionally, SO42- and organic S can produce H2S in waterways; there are many 

species of anaerobic bacteria in waterways, some decompose organic S to produce H2S while 

others (sulphur-reducing bacteria) consume SO42- (Moreno et al., 2009). 
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Figure 2.3. The phosphorus cycle demonstrating pathways of different forms of P through 
the soil system, and how P reaches surface water. Source: Diack (2015). 

The NH4+, NO3-, NO2-, PO43-, and SO42- residing in the soil solution can either be assimilated 

by vegetation (except NO2-) or leached from the soil column into waterways (Leustek & 

Saito, 1999; Ritter & Bergstrom, 2001; Hyland et al., 2005). Additionally, in the case of 

fertilisers, NH4+, NO3-, PO43-, and SO42- may be prevented from infiltrating the soil solution 

due to soil saturation; they can, therefore, be entrained by surface runoff, and eventually 

enter waterways (Leinweber et al., 2002; Lazzarotto et al., 2005; Environment Southland, 

2015).  

Leaching of NH4+, NO3-, NO2-, and SO42- readily occurs during high rainfall events when 

precipitation exceeds the infiltration capacity of the soil, causing these solutes to flush into 

waterways (Environment Southland, 2015). The NO3-, NO2-, and SO42- anions are more 

readily leached, as unlike NH4+, they cannot join the cation exchange complex of the soil 

(Keeney & Hatfield, 2008). Alternatively, the rate that PO43- leaches into waterways is 

influenced strongly by adsorption processes. Adsorption of PO43- to soil and sediment 

particles can hold P in the inert soil pool and prevent P leaching (Figure 2.3; Turner et al., 

1979; Leinweber et al., 2002; Novak & Watts, 2004). A large portion of inert P is held in 
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the top few millimetres of the soil surface, hence, why runoff is a major pathway for P to 

waterways through the erosion of PP (De Laney, 1995; Leinweber et al., 2002; Parkyn & 

Wilcock, 2004). While it is difficult for PO43- to leach into waterways due to soil adsorption, 

PO43- can be remobilised from particulate P both in the soil and once it has entered a water 

body. Desorption of PO43- from particles is poorly understood but may be triggered by 

changes in soil solution or stream chemistry, particularly pH (Baldwin et al., 2002).  

2.1.2 Faecal microbes  
Faecal microbes are a large family of bacteria, viruses, and pathogens that originate from the 

faecal matter of warm-blooded mammals (Davies-Colley, 2013). The key diffuse sources of 

faecal pollution in agriculture are livestock, that excrete effluent directly into streams or onto 

soil where it can be entrained by surface runoff and deposited into waterways (Parkyn & 

Wilcock, 2004; Davies-Colley, 2013). Runoff containing faecal pollution is especially 

prevalent from areas of poor infiltration, and thus paddocks with compacted soils from 

livestock trampling (Davies-Colley, 2013). Faecal pollution in waterways increases 

substantially during stormflow conditions, as soil saturation produces runoff that carries 

faecal matter, and particles from the stream bed with adsorbed faecal microbes can be 

remobilised by strong stream-flow (Davies-Colley et al., 2008; McKergow & Davies-

Colley, 2010). Bacteria such as Escherichia coli (E. coli) have demonstrated preferential 

adsorption to large sediment particles (Wu et al., 2019), so microbial adsorption may be 

more prolific in areas with sand-based soils opposed to soils dominated by silt and clay 

particles. Faecal microbes die with UV exposure, though some bacteria (i.e., E. coli) can 

survive up to 30 days in cow manure (Muirhead et al., 2005), so manure may remain a 

significant contaminant source for a long time. Faecal microbes adsorbed to sediment may 

also survive on stream beds for a long time due to reduced UV exposure (Wu et al., 2019). 

2.1.3 Sediment  
Sediment is comprised of inorganic (suspended sediment concentration) and organic 

(particulate organic matter) particulates (Hatten et al., 2012; Bunte et al., 2016). Particulate 

organic matter (POM) consists of particulate P, organic N, organic S, and particulate organic 

carbon – the most dominant fraction (Bright & Mager, 2016). Suspended sediment 

concentration (SSC) is comprised of weathering products such as kaolinite and quartz 

minerals, of which particulate inorganic carbon is a small contributor (Bright & Mager, 
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2016). The key diffuse sources of sediment in agriculture are tillage practices and livestock 

(Parkyn & Wilcock, 2004; PCE, 2004). Sediment eroded from bare cultivated land or 

livestock-damaged soils can be entrained in surface runoff and deposited in waterways 

(Quinn et al., 1997; Collins et al., 2007). In New Zealand, waterways are very susceptible 

to paddock runoff carrying sediment from cultivated soils, as land used for cropping is 

typically of low elevation and thus close to water bodies (Environment Southland, 2016). 

Additionally, livestock are particularly damaging to wetland and riparian soils along with 

stream banks in New Zealand, as they tend to aggregate in areas with water and dense 

vegetation and induce considerable trampling (McDowell et al., 2003; Parkyn & Wilcock, 

2004). Livestock also degrade steep slopes as the sheering action of their hooves can erode 

soil susceptible to overland runoff (Davies-Colley, 2013). 

2.1.4 Impacts of agricultural contaminants  
Excessive concentrations of faecal microbes, sediment, and nutrients can have substantial 

impacts on freshwater environments. Faecal microbes from livestock are of health concern 

to humans, as they may contain various zoonotic diseases that can cause infection, most 

notably the bacteria Campylobacter and the protozoans Giardia and Cryptosporidiium in 

New Zealand (Davies-Colley, 2013; MFE & Stats NZ, 2015). Ammonium, NO3-, PO43-, and 

SO42- are plant available nutrients and can stimulate excessive aquatic vegetation growth, 

causing algal blooms and eutrophication in waterways when they are overabundant (Boesch 

et al., 2001; WHO, 2004; Barlow et al., 2007). Algal blooms consume dissolved oxygen to 

the detriment of freshwater ecosystem health (Davies-Colley & Wilcock, 2004). 

Phytoplankton growth from N, P, and S enrichment in lakes can also reduce light penetration 

to benthic plants for photosynthesis (Davies-Colley, 2013). The elimination of benthic plants 

and their sediment stabilising capabilities can produce adverse shifts in ecology (Davies-

Colley, 2013). Lake Wānaka is the receiving water body for all agricultural land use in the 

Wānaka catchment, so algal blooms are a major concern for this freshwater ecosystem. 

Additionally, NH3, NO3-, and H2S constituents are toxic to a wide range of aquatic organisms 

including invertebrates and fish (Moreno et al., 2009; Davies-Colley, 2013).  

Sediments (organic and inorganic) exist as particulate contaminants in waterways where 

they strongly absorb and scatter light (Davies-Colley & Smith, 2001). In reducing light 

penetration to benthic plants, particulates can produce similar impacts on ecology as 

phytoplankton (Davies-Colley, 2013). Sediment particulates can further impact freshwater 
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ecosystems by damaging the gills and respiratory structures of aquatic animals when 

suspended in high concentrations (Davies-Colley, 2013). Sediment deposition can induce 

shoaling in lakes, reservoirs, estuaries, and streams, which can reduce macroinvertebrate and 

fish-spawning habitats (Thrush et al., 2003; Magbanua et al., 2010).  

2.1.5 Trends in agricultural pollution 
Pastoral farming intensification led to the decadal degrading of freshwater quality in New 

Zealand (PCE, 2004). Since the 1990s pastoral intensification has accelerated, as observed 

by the significant increase in dairy cattle from 2002 to 2017, and the corresponding decrease 

in sheep, deer, and beef cattle (Figure 2.4; MacLeod & Moller, 2006; Thorrold, 2010; Stats 

NZ, 2017). The increase in dairy farming indicates a rise in pastoral intensification, as dairy 

cattle are farmed much more intensively than other stock types (PCE, 2004). Moreover, dairy 

farming itself intensified during this period, with the average dairy stocking rate increasing 

from 2.4 to 2.8 cows Ha-1 in New Zealand from 1990 to 2011 (Wilcock et al., 2013b). 

Another indicator of intensification acceleration was the increased use of nitrogen and 

phosphorus fertilisers, and supplementary feed over this period (Jordan et al., 1997; PCE, 

2004; White et al., 2010). 
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Figure 2.4. Pastoral farming intensification in New Zealand: Livestock numbers in the North 
and South Islands, 1994 – 2017. Source: MFE & Stats NZ (2019). 

The acceleration of agricultural intensification in New Zealand has substantially increased 

the emission of nutrients, notably N and P, faecal microbes, and sediment to freshwater 

bodies (McDowell et al., 2013). E. coli (bacterial indicator of faecal microbes) and PO43- 

concentrations and turbidity (proxy for sediment) increased in approximately half of New 

Zealand’s pastoral rivers with recent intensification (Table 2.1). The patterns in other 

contaminants, however, had already peaked so that NO3- and NH4+ levels appeared to 

decrease slightly, though the concentrations of these contaminants remain significantly 

higher in rivers under pastoral land cover than native land cover. Therefore, agricultural 

contaminants are becoming more prolific in New Zealand waterways as pastoral farming 

continues to intensify, escalating the impacts on freshwater quality. 
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Table 2.1. Median turbidity and median NO3-, NH4+, PO43-, and E. coli concentrations for 
pastoral and native land cover in New Zealand from 2013 to 2017, and the trend in these 
contaminants at pastoral sites from 2008 to 2017. Source: MFE & Stats NZ (2019). 

 

2.2 Approaches for reducing agricultural 
contaminants  

Reducing faecal microbes, sediment, and nutrients in New Zealand waterways is vital given 

the impact excessive concentrations of these contaminants have on freshwater ecosystems, 

and the flow on effects for economic, cultural, and social values associated with waterways. 

Regional limits and thresholds for nuisance contaminants are currently the most common 

method for controlling agricultural pollution in New Zealand. Regional councils set limits 

for achieving good water quality based on national targets and local environments (NZ 

Government, 2017). If the limits are not satisfied by a target date councils will investigate 

problem locations, and in the event that a party is found liable for exceedance, councils are 

authorised to implement disciplinary measures such as fines (McDowell et al., 2013). For 

fines to be administered, contaminant concentrations must exceed regional discharge 

thresholds (NIWA, 2013). Discharge thresholds are typically based on ‘severe’ ecological 

trigger values and are therefore less stringent than regional limits (NIWA, 2013). 

Median contaminant 
concentrations and turbidity 

Pastoral 
land cover 

Native 
land cover 

Trends from 2008 - 2017  

NO3- (mg L-1) 
 

0.247 
 

0.026 
 

Increasing at 37% of sites, 
decreasing at 63% of sites 

 

NH4+ (mg L-1) 
 

0.008 
 

0.004 
 

Increasing at 25% of sites, 
decreasing at 75% of sites 

 

PO43- (mg L-1) 
 

0.015 
 

0.004 
 

Increasing at 49% of sites, 
decreasing at 51% of sites 

 

E. coli (CFU/100 mL) 
 

195 
 

13 
 

Increasing at 47% of sites, 
decreasing at 53% of sites 

 

Turbidity (NTU) 2.9 1.3 Increasing at 50% of sites, 
decreasing at 50% of sites 
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While there are advantages to the current system, i.e., its regional/situational flexibility and 

its encouragement of innovative solutions, the approach contains some fundamental flaws. 

Regional water quality limits and thresholds can only be applied when stream flow is at or 

below median flow (e.g., ORC, 2016). Therefore, the regulations do not account for major 

contaminant ‘flushes’ associated with rainfall/runoff events. Runoff is a key source of 

agricultural contaminants in New Zealand waterways, particularly in regions with high 

intensity rainfall (Collins et al., 2007). Additionally, regional limits and thresholds are a 

reactive solution for water quality issues. Regulation is triggered after water quality 

standards are breached, meaning pollution has already occurred (NIWA, 2013). Another 

major issue with the current system is its ambiguity and lack of direction (NIWA, 2013). 

Farmers are often left unsure as to how they can reduce their contaminant levels. Some 

councils promote the formation of catchment groups to generate collective action among 

farmers, though successful collaboration relies on existing expertise, volunteers, and strong 

leaders (e.g., Jöborn et al., 2005; Lundqvist, 2010). In many catchment groups these 

conditions have not been satisfied adequately for meaningful change (MFE, 2010a; NZ 

Landcare Trust, 2012).  

The current system also promotes an inherently negative relationship between councils and 

communities; councils prescribe water quality limits for communities and enforce them, and 

there are few opportunities to co-manage freshwater resources (NZIER, 2014). The 

relationship has created a divide between regulators and the public, jeopardising future 

management opportunities. Because of these limitations, the current approach for managing 

freshwater quality in New Zealand has been ineffective. Regional limits and thresholds have 

been in place for nearly 30 years since the development of the Resource Management Act 

1991, yet over this time water quality has continued to decline (Table 2.1; NZIER, 2014). 

Contemporary approaches for improving freshwater quality in New Zealand also appear to be 

inadequate.  

2.2.1 Contemporary approaches 
A recent addition to New Zealand’s freshwater quality management framework is the Water 

Accord, a voluntary industry-led regime signed between central and regional government 

and dairy companies in 2013 (McDowell et al., 2017). The Water Accord aims to improve 

water quality on New Zealand dairy farms by setting targets for the implementation of 

nutrient planning tools and mitigation strategies for agricultural contaminants. A major 
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advantage of the accord is its clear goals and timeframes i.e., all dairy farms will have 

completed half of their riparian plan commitments by 2020, which provide farmers with 

direction to reduce their contaminant losses (Dairy NZ, 2019). The accord also promotes a 

wide range of best-practice mitigation strategies including stock exclusion from waterways 

and riparian planting (Dairy NZ, 2015). 

However, there is uncertainty as to whether the approaches enforced by the accord will work, 

notwithstanding the failure of the Dairying and Clean Streams Accord 2003, a similar 

attempt to improve water quality in the dairy industry. The accord does not consider for the 

environmental variability in performance of mitigation strategies like riparian buffers, nor 

does it prescribe strategies to farmers based on situational requirements (McDowell et al., 

2017). Moreover, the implementation of mitigation strategies is not comprehensive; only 

large streams (> 1 m wide, > 0.5 m deep) are targeted by mitigation strategies, yet recent 

studies have identified that greater N and P losses come from small streams on farms in New 

Zealand (McDowell et al., 2016). The performance of the accord is monitored and reported 

by Dairy NZ which raises transparency issues, and while these processes are independently 

audited, there is no regulation for non-compliance (Dairy NZ, 2015). Even if the strategies 

are effective, the accord will not solve New Zealand’s water quality issues alone. The accord 

is only targeted at the dairy sector, and while this is a large agricultural industry in New 

Zealand, it does not cover all pastoral practices, especially those in more challenging 

environments.   

Nitrogen load limits are another growing approach for improving freshwater quality in New 

Zealand. Regional councils set annual N load limits, and farmers must achieve these limits 

by a set date or face fines for exceedance (NIWA, 2013). Nitrogen limits are designed to 

ensure that receiving water bodies (i.e., lakes) meet regional standards for good water quality 

when all farms in a catchment comply (NIWA, 2013). Unlike previous council approaches, 

N limits are some-what proactive, as they encourage the reduction of contaminants before 

water quality thresholds are surpassed. However, N limits are still reactive considering 

compliance is primarily driven by fines post exceedance. At this stage, water quality may 

already be substantially impacted. Nitrogen limits also have similar issues to standard 

council methods; N limits do not provide farmers with solutions for reducing their 

contaminant losses and promote negative relationships between councils and communities. 
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Moreover, N limits contain regionally specific issues generated by councils and their 

application of the approach. 

For instance, the Waikato Regional Council implemented an ‘N market’ for Lake Taupo, 

whereby farmers were given a standard N consent and had the ability to buy and sell portions 

of their share to ensure compliance (Spicer, 2017). However, the N market promoted 

inequalities; wealthy farmers could afford to generate a monopoly and pollute intensively, 

while others had to try and meet unrealistic N limits to remain operational (Spicer, 2017). 

Alternatively, the Otago Regional Council implemented a 15 – 30 kg N Ha-1 year-1 limit for 

farms to achieve by 2026 (ORC, 2014; ORC, 2019). The approach relies on farmers to self-

monitor their compliance using the OVERSEER model, and while farmer budgets are 

audited they can be manipulated. For instance, farmers may alter stock movement records 

to reduce the calculated N load of their land, providing the appearance that animals are not 

often near or within direct access of streams when they have been. The OVERSEER model 

also relies on several groundwater assumptions that are poorly suited to the soils and 

intensive rainfall of the Otago high-country (PCE, 2018). Additionally, the approach 

disincentivises the release of land for conservation through tenure review (Beef and Lamb 

NZ, 2017). It is more beneficial for large landholders to retain unproductive land so that they 

can spread their environmental footprint. Not only does this hinder conservation efforts in 

New Zealand, but it provides a ‘loop-hole’ for farmers to avoid deintensification. 

Central Government is currently undertaking action for healthy waterways in New Zealand 

and have proposed freshwater National Environmental Standards (NES) and draft 

amendments to the National Policy Statement for Freshwater Management (NPS-FM 2019). 

Changes to policy look promising for improving freshwater quality in agricultural areas. The 

draft NPS-FM 2019 promotes the use of farm plans to identify critical source areas and 

recommend strategies appropriate for mitigation, which should provide farmers with clear 

solutions for improving water quality (NZ Government, 2019a). The proposed NPS-FM 

2019 will also give councils a stricter mandate to remedy instances of poor water quality. To 

reverse water quality deterioration councils must prepare a regulatory action plan with 

stakeholders and regularly review its progress (NZ Government, 2019b). However, some of 

the policy changes propose a problematic ‘blanket approach’ to freshwater management in 

New Zealand. It is recommended that all waterways greater than one metre in width must be 

fenced from stock (NZ Government, 2019a), yet greater contaminant losses come from small 
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streams (McDowell et al., 2016). National bottom-line standards for nutrient pollution are 

proposed: 1 mg N L-1 and 0.018 mg P L-1 (NZ Government, 2019a). Although these limits 

will not be stringent enough in low nutrient environments like the Wānaka catchment (e.g., 

ORC, 2017), where water bodies are more susceptible to fluctuations in contaminant 

concentrations. Hopefully any inconsistencies in the national policy framework will be 

addressed following the consideration of public submissions. 

2.2.2 Future opportunities: Deintensification? 
To improve freshwater quality in New Zealand management must change, or at the very 

least be facilitated in the interim. Moving forward, there are two key strategies to draw from; 

1) reducing agricultural intensification, and 2) attenuating contaminants from intensive 

agriculture (Davies-Colley, 2013). Reducing agricultural intensification appears to be a 

stronger alternative as it is proactive in nature, targeting the cause of the problem rather than 

the effect – water quality degradation. However, deintensification is currently a difficult task 

for pastoral farmers due to market pressures. To remain competitive and economically viable 

farmers are encouraged to produce more product (i.e., meat) (PCE, 2004). In particular, 

intensive agriculture provides farmers with security during fluctuations in export prices by 

maintaining adequate returns (PCE, 2004). So market pressures ultimately disincentivise 

deintensification. 

Despite the market pressures for intensive agriculture, some farmers have found ways to de-

intensify their practices while remaining economically viable. For instance, targeting 

premium meat and dairy markets is a promising alternative to intensive agriculture. Farmers 

can focus on growing a high quality or niche product at a lower intensity, as premium 

suppliers of agricultural products; for example, restaurants and organic food stores pay a 

superior price for high quality produce compared to generic food suppliers (Coombes & 

Campbell, 1998; MacRae et al., 2008; Muscanescu, 2013). However, producing a premium 

dairy or meat product takes a very skilled and experienced farmer, along with suitable 

environmental and market conditions (Muscanescu, 2013). For example, there must be a 

sufficient number of premium suppliers in a region with a demand for more produce 

(Coombes & Campbell, 1998). Therefore, targeting premium markets is an exclusive 

solution for deintensification; while the approach may work for some it cannot be 

streamlined, as premium markets are difficult to infiltrate and easily saturated. 
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Other alternatives to intensive agriculture include eco- and rural-tourism. Eco-tourism is 

comprised of activities such as guided rural walks, horse treks, fishing, and 4-wheel drive 

adventures, while rural tourism tends to involve sheering and mustering displays, and on-

farm stays (Ballingall & Lattimore, 2004). In diversifying the farm business, farmers are 

able to de-intensify by using these alternative channels of income to supplement their 

livelihoods (Moore et al., 2018). For instance, farm stays have been found to contribute up 

to 35% of total farm income in New Zealand (Shakur & Holland, 2000). However, eco- and 

rural-tourism can require a significant investment of time and money, making them 

unsuitable for some operators (Ballingall & Lattimore, 2004). Moreover, the activities may 

only be lucrative in areas with large existing tourism markets and customer bases.  

Subsidising good agricultural practice is another possible solution for alleviating the market 

pressures associated with deintensification. With this approach, pastoral farmers would be 

subsidised for satisfying a low stocking rate criterion as a means of rewarding/compensating 

deintensification. Similar subsidy programmes have proven to be effective in other 

applications. For instance, Poland subsidised organic farming in 2004 to improve 

biodiversity, which generated a ten-fold increase in organic farming acreage over a ten year 

period (Czapiewska, 2016). However, there are several issues with subsidising 

deintensification. Foremost, it would be difficult to decide appropriate stocking rate criteria 

and subsidy amounts. Subsidies must fairly compensate farmers for a reduction in stock, 

though they would also need to be sustainable/affordable with respect to funding. 

Meanwhile, the stocking rate would need to be low enough to produce adequate 

improvements in water quality. Such conflicts could render a subsidy system ineffective. 

Additionally, subsidies for deintensification may receive opposition from farmers, as past 

agricultural reforms generated a distrust in subsidies amongst the farming community, along 

with a pride in being largely independent of government support (Ballingall & Lattimore, 

2004). For example, 30 farming subsidies were removed in 1984 by the New Zealand 

government, which previously accounted for 40% of the annual income for sheep and beef 

farmers (Ballingall & Lattimore, 2004). 

In summary, while deintensification is an attractive solution for reducing agricultural 

pollution in New Zealand, it is currently not viable as a stand-alone approach. Therefore, 

mitigation strategies for agricultural contaminants need to be explored. While mitigation 

strategies are fundamentally reactive in nature, they can be effective at reducing agricultural 
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contaminants when employed in a proactive and strategic manner (Davies-Colley, 2013). 

Mitigation strategies could also be easily adapted by the current water quality management 

system in New Zealand, making them a ‘fast’ solution relative to alternatives. While it is 

acknowledged that the current management system has some fundamental flaws, it contains 

aspects that could be manipulated in favour of mitigation strategies. For instance, catchment 

groups could be a great way to educate farmers about mitigation strategies and encourage 

implementation. 

2.3 Mitigation strategies for agricultural 
contaminants 

There are many mitigation strategies that aim to attenuate agricultural contaminants to 

improve water quality. Attenuation is the permanent or temporary storage of nutrients, 

sediment or microbes during the transport process between where they are generated and 

where they impact water quality (NIWA, 2007). Attenuation tools perform differently and 

vary in effectiveness depending on location and the level of contaminant loading (Table 2.2; 

McDowell et al., 2013). The varying levels of efficacy of mitigation strategies underpins 

why attenuating agricultural contaminants presents such a management challenge, due to the 

major diversity of geographical conditions and farming practices within and between regions 

of New Zealand (McDowell et al., 2013). In part, the difficulty of attenuating agricultural 

contaminants in New Zealand is the reason for the large diversity of methods, in an attempt 

to fulfil the requirements of many different situations. 
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Table 2.2. The main mitigation strategies for agricultural contaminants in New Zealand, 
and the limitations of each at either a national or high-country scale. 

 

2.3.1 Stock management 
There are three different types of stock management that can be useful management tools 

for mitigating deleterious effects on water quality; stock exclusion, stock retention, and 

winter forage crop management. Stock exclusion decreases bank damage and sediment 

erosion, bed disturbances and the re-mobilisation of sediment (and entrained contaminants), 

and stops the direct deposition of effluent into waterways (NIWA, 2007; McDowell et al., 

2013). However, the effectiveness of stock exclusion at mitigating agricultural contaminants 

in New Zealand can vary substantially given stock type (Table 2.3). Moreover, exclusion 

can be a very costly strategy as the material and labour required are expensive (Table 2.2; 

Aarons & Gourley, 2012). Exclusion can also incur secondary issues such as weed 

Mitigation strategies Limitations Sources 

   
Exclusion of stock Ineffective and impractical for high-country 

farms  
MPI (2016) 

Retention of stock Underdeveloped and poorly understood for 
high-county farms 

Beef and Lamb 
NZ (2017) 

Managing winter 
forage crops 

Effective for high-country farms, but only in 
areas with winter forage crops 

McDowell et al. 
(2013) 

Reduced nitrogen 
fertiliser use 

Inapplicable to most high-country farms Aarts et al. 
(2000) 

Phosphorus fertiliser 
alternatives 

Ineffective for high-country farms McDowell et al. 
(2013) 

Conservative tillage Poorly understood for high-country farms Pittelkow et al. 
(2015) 

Natural wetlands Inapplicable to some NZ farms, and 
effectiveness depends on good management 

NIWA (2007) 

Constructed 
wetlands 

Underdeveloped and poorly understood for 
NZ farms 

Praat et al. 
(2015) 

Riparian buffer 
strips 

Underdeveloped for NZ farms, and 
effectiveness depends on good management 

NIWA (2007) 

Woodchip filters Not cost-effective in NZ NIWA (2007) 
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management and stock access to drinking water, which increase on-farm expenses (NIWA, 

2007). Especially for high-country sheep and beef farms, which tend to have a large number 

of tributaries and limited options for stock drinking water other than direct stream use (MPI, 

2016).  

Table 2.3. Reductions in total N (TN), total P (TP), E. coli, and sediment losses from deer, 
dairy cattle, and beef cattle pastures following stock exclusion. Sources: NIWA (2007); 
McDowell et al. (2010); Gourley & Weaver (2012); Wilcock et al. (2013a); & Nagels et al. 
(2014). 

Stock retention may also influence agricultural contaminant losses, as younger cattle are 

assumed to have greater urinary spreads and lower resultant N leaching rates than larger, 

older cattle (Williams & Haynes, 1994). While there is limited data on the difference in N 

loss between cattle of different ages, mitigation strategies have been modelled on this basis 

in New Zealand. For instance, the scenario of selling all steers as calves on Mt Aspiring 

Station in Wānaka was modelled against the status quo – just under half of steer calves kept 

through to four years old (Beef and Lamb NZ, 2017). Selling all steers as calves appeared to 

reduce N losses to water marginally (1 kg Ha-1 year-1 reduction), although likely by 

decreasing the amount of time that stock were on winter forage crops, rather than enhancing 

urinary N spread (Beef and Lamb NZ, 2017). Therefore, while stock retention methods have 

the potential to reduce contaminants from agriculture in New Zealand, there is a lot of 

uncertainty regarding the actual effectiveness of such techniques, especially for sheep and 

deer, which have received no coverage (Table 2.2).  

Winter grazing of forage crops can lead to large losses of N via leaching, and P, sediment, 

and E. coli through surface runoff (Elliott & Carlson, 2004; McDowell et al., 2013). 

Restricting the grazing of forage crops to three to four hours per day before removing stock 

allows animals to maintain their feed requirements while decreasing effluent loads and soil 

erosion through trampling (McDowell et al., 2013). Alternatively, downslope break-feeding 

Stock type TN (%) TP (%) E. coli (%) Sediment (%) 

Deer 78 – 98 78 – 98 < 5 78 – 98 

Dairy cattle 5 – 43 10 – 30 < 5 – 55 8 – 16 

Beef cattle 1 – 9 10 12 – 58 12 – 58  
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of forage crops can reduce contaminant losses, as it creates a plant buffer between stock and 

waterways that can filtrate and assimilate N (66% reduction), P (67% reduction), S, sediment 

(80% reduction), and E. coli from runoff (Monaghan et al., 2017). The cost of strategic 

winter grazing is low, and implementation is relatively straightforward for most farms, 

making this a very effective mitigation strategy on farms with winter forage crops in New 

Zealand (Table 2.2; McDowell et al., 2013). 

2.3.2 Fertiliser management  
Using less N fertiliser can substantially reduce N losses to leaching and overland flow 

(McDowell et al., 2013). Reducing N fertiliser use is very possible for many high input 

farms, and there is an abundance of fertiliser representatives available to help farmers 

optimise their fertiliser use through improved timing (i.e., in accordance with low plant N 

levels) and application rates (Smith et al., 2018). However, the strategy may be ineffective 

in places where N application is either already optimised or low, like on high-country 

stations (Table 2.2; Aarts et al., 2000). Additionally, low water-soluble P fertilisers act to 

decrease P loss should runoff occur, by maintaining a smaller pool of soluble P in the soil 

solution (McDowell et al., 2010). The likes of Ca-phosphate and serpentine super have 

decreased PO43- (49% reduction) and TP (46% reduction) losses significantly compared to 

conventional superphosphate fertilisers in New Zealand (McDowell & Smith, 2012). 

However, many low water-soluble P fertilisers cannot be used in areas where annual rainfall 

exceeds 800 mm year-1, rendering them inappropriate for many high-country regions in New 

Zealand (McDowell et al., 2013). 

2.3.3 Crop management: conservative tillage  
Minimum tillage practices decrease the proportion of time that land is bare during the 

growing cycle, to reduce soil erosion and thus sediment (and entrained contaminant) losses 

to waterways (HortNZ, 2010; McDowell et al., 2013). Transitioning from intensive 

cultivation practices to conservative tillage (direct drilling) in cropping paddocks can reduce 

overall soil erosion by 60 – 80%, and P losses by 45 – 85% (Gourley & Weaver, 2012; Lane 

& Willoughby, 2013; Vach et al., 2018). Conservative tillage practices have also proven to 

be cost-effective. For example, the cost of swede and maize establishment was $200 Ha-1 

less when using direct drilling over conventional tillage (Lane & Willoughby, 2013). 

However, while conservative tillage practices are very effective mitigation strategies for 
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crops like maize, which only experience a small associated reduction in productivity, they 

can be very damaging for many other plant types, making them fairly ineffective for 

universal application in New Zealand (Table 2.2; Pittelkow et al., 2015). 

2.3.4 Wetlands: natural and constructed  
Wetlands slow surface runoff, encouraging the deposition of sediment and entrained 

contaminants, and intercept subsurface pathways to attenuate dissolved contaminants such 

as PO43- and NO3- through denitrification, plant assimilation, mineralisation, and adsorption 

(NIWA, 2007). Natural wetlands have been very effective for reducing TN (54 – 57% 

reduction), NO3- (51 – 95% reduction), NH4+ (73% reduction), sediment (60% reduction), 

and E. coli (56 – 74% reduction) contaminants in New Zealand streams, along with PP (1 – 

10% reduction), and TP (approximately 26% reduction) (NIWA, 2007; McDowell et al., 

2013; Wilcock et al., 2013a; Uuemaa et al., 2018). However, the use of natural wetlands to 

mitigate agricultural contaminants is highly dependent on the farm environment and whether 

these natural features exist or can be re-instated after historical drainage (Table 2.2; NIWA, 

2007). Furthermore, natural wetlands are a moderately expensive attenuation tool, as there 

are costs associated with permanent fencing and weed, organic matter (plant residue), and 

sediment accumulation control (NIWA, 2007). Therefore, wetlands are a highly effective 

mitigation strategy for agricultural pollutants, though adequate maintenance is key to 

successful attenuation, and farms must be able to afford and harbour such features.  

In New Zealand, the effectiveness of constructed wetlands is highly study-specific. In South 

Otago, for example, constructed wetlands have been very effective for reducing NO3- (50 – 

63% reduction) losses, and moderately effective for decreasing TP (25% reduction) losses 

(Dykes, 2013). Though reduced NH4+, TN, and PO43- losses have proven to be variable and 

often insignificant (Dykes, 2013). Low TN reductions have also been observed in Wairarapa, 

where a 0.75 Ha artificial wetland only produced a 7% decrease in TN losses (Praat et al., 

2015). Additionally, E. coli counts were elevated below the Wairarapa wetland (85% 

increase), and sediment concentrations were enhanced below the feature in South Otago 

(98% increase), emphasizing the variability in constructed wetland attenuation (Dykes, 

2013; Praat et al., 2015). International studies indicate that constructed wetlands attenuate 

SO42- losses variably (-20% – 70% reduction) (e.g., Chen et al., 2012; Kill et al., 2018), 

though more research is needed to see whether these attenuation efficiencies are transferable 

to New Zealand wetlands. Constructed wetlands have been cost-effective at attenuating 
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sediment and N on lowland pastoral farms in New Zealand, though they are considerably 

less cost-effective for P (Table 2.4). A disadvantage of constructed wetlands is that they may 

take years to mature and reach optimum mitigation results (Tanner et al., 2005; NIWA, 

2007). Constructed wetlands also occupy a large area of productive farmland which can 

incur secondary expenses for land holders (e.g., Praat et al., 2015). 

Table 2.4. The cost-effectiveness of constructed wetlands and riparian buffers on lowland 
pastoral farms in New Zealand for nitrogen, phosphorus, and sediment contaminants. The 
cost-effectiveness of all contaminants are in $ Kg-1 ha-1 yr-1. Sources: Opus (2010), MPI 
(2012), and McDowell et al. (2013). 

 

2.3.5 Riparian management: riparian buffer strips 
Riparian strips attenuate contaminants in surface runoff through filtration, deposition, and 

improving infiltration before they reach streams (Muirhead, 2013). Infiltration is effective 

at mitigating dissolved N and P through soil interactions with sub-surface flow, 

denitrification, and assimilation (McDowell et al., 2013). Riparian buffers have been 

effective at reducing P and sediment losses in New Zealand, along with E. coli in some 

circumstances, although their effectiveness is less consistent here (McDowell et al., 2013). 

For example, a North Island study found a large range of PO43-, TN, clarity and E. coli 

changes (-33 – 20%, -40 – 31%, -22 – 141%, and -61 – 99% respectively) associated with 

riparian buffer implementation, demonstrating the variability of riparian strip effectiveness 

in New Zealand (Parkyn et al., 2003). However, the mean decrease in PO43- and TN losses 

(6% and 4% respectively) and increases in clarity and E. coli (37% and 3% respectively) are 

consistent with findings from other New Zealand studies, and suggest that riparian buffers 

are mildly effective for attenuating agricultural contaminants, except for E. coli (Parkyn et 

al., 2003; Gourley & Weaver, 2012).  

Feature Nitrogen Phosphorus Sediment 

Constructed 
wetland 

$130 
($39 – $202) 

$38,500 
($16,500 – $144,000) 

$70 
($5 – $135) 

Riparian buffer 
 

$78 
 

$108 
($54 – $162) 

$79 
($40 - $158) 
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The effectiveness of riparian buffers is influenced significantly by design and maintenance 

(Table 2.2). Riparian buffer efficiency can become undermined if the strip is clogged with 

sediment or saturated, preventing infiltration, or if surface runoff is channelled to bypass or 

inundate the strip (McDowell et al., 2013; Muirhead, 2013). Therefore, it is advantageous to 

regularly remove accumulated sediment from strips, and to buffer the entire length of 

streams where possible, as large gaps in vegetation will promote channelling by offering 

paths of least resistance (Agouridis et al., 2005). Riparian buffer performance can also vary 

considerably depending on plant type, though knowledge regarding the relative uptake rates 

of different plants, especially native species, is lacking in New Zealand (NIWA, 2007). 

Additionally, riparian buffers can be expensive due to planting (and re-planting) and 

maintenance costs (Moore & Rutherfurd, 2017), yet these features have proven to be cost-

effective for N, P, and sediment contaminants on lowland farms in New Zealand (Table 2.4). 

Riparian buffers are also more cost-effective at attenuating N and P than constructed 

wetlands in this environment.  

2.3.6 Woodchip filters  
Woodchip filters are a shallow lined excavation receiving runoff from subsurface pathways 

such as tile drains and natural depressions (NIWA, 2007). Woodchip filters intercept and 

attenuate NO3- from subsurface flow by promoting favourable conditions for denitrification 

i.e., high soil organic matter (McDowell et al., 2013). In New Zealand, woodchip filter 

efficacy has varied with filter size; large woodchip filters (> 30 m3) have proven very 

effective, and typically mitigate NO3- concentrations by 70 – 80% (NIWA, 2007), while 

small filters (£ 30 m3) only reduce concentrations by 10 – 50% (NIWA, 2007; LUFB, 2008; 

Goeller et al., 2019). While large wood-chip filters are an effective mitigation strategy for 

NO3-, they can have a detrimental effect on water quality in saturated soils. Denitrifying 

bacteria favour dissimilatory nitrate reduction in anaerobic conditions and convert NO3- to 

NH4+ as opposed to N2 gas (Saliling et al., 2007). Furthermore, woodchip filters are a very 

expensive attenuation tool, especially large filters (NIWA, 2007). Therefore, woodchip 

filters are not a cost-effective strategy, as they are only suitable for NO3- attenuation and 

target a small area (i.e., a paddock drain) (Table 2.2). Studies are investigating a range of P-

sorbing additives for woodchip filters in an attempt to promote the attenuation of PO43- in 

these systems. Yet no woodchip additives have effectively attenuated PO43-, as many fail to 
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sorb P under anoxic and anaerobic conditions common in woodchip filters (Hua et al., 2016; 

Schrimpelová et al., 2018). 

2.3.7 Summary  
There are very few mitigation strategies that are highly effective at attenuating agricultural 

contaminant losses in New Zealand. Many mitigation strategies are either not affordable, 

ineffective, underdeveloped and poorly understood, or only applicable to a small number of 

circumstances (Table 2.2). Additionally, the methods that have proven to be effective at the 

New Zealand scale may not work for certain on-farm situations, especially in high-country 

environments. For example, not all high-country farms have natural wetlands they can 

utilise, or winter forage crops and N fertiliser inputs that they can strategically manage. 

Consequently, constructed wetlands and riparian buffer strips are the most promising 

mitigation strategies for high-country environments, as they are highly versatile approaches. 

However, it is unknown whether constructed wetlands and riparian buffers can successfully 

attenuate all major contaminants on high-country farms, and our understanding of this topic 

needs development. There are multiple spatial and temporal scales to consider when 

monitoring changes in water quality, and the effectiveness thereof of mitigation strategies. 

2.4 Monitoring mitigation strategy 
‘effectiveness’ 

High-country farm streams have multiple stressors, acting at different spatial and temporal 

scales that interact to affect water quality (Bunn et al., 2010). Therefore, to ensure water 

quality is accurately represented for high-country farms, monitoring frameworks must use 

spatial and temporal scales that account for large variations in all major contaminants. 

Studies typically use a mixture of long and short time-scales, and regional and local spatial-

scales to adequately monitor mitigation strategy effectiveness (e.g., Smolders et al., 2015; 

Larson et al., 2016). 

Long-term monitoring is essential for water quality analyses, as it helps to build a database 

of the ‘average’ water quality for a stream. Average stream water quality can be used to 

identify changes in contaminant concentrations after the implementation of a mitigation 

strategy, to determine whether the mitigation is statistically significant (Burt et al., 2014). 
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Long-term monitoring also accounts for subtle changes in quality associated with seasonal 

and climatic shifts (Milne et al., 2009). It is important that major seasonal/climatic impacts 

on water quality are identified by studies assessing mitigation strategy effectiveness, to 

ensure that changes in quality are attributed to attenuation and not external influences.  

Regionally focused studies are also important for generating the average water quality for 

an area. For instance, regional monitoring programmes target a variety of polluted streams 

within a catchment or country, and thus, encapsulate a large range of anthropogenic stressors 

and water quality impacts (e.g., Larned et al., 2004). Additionally, regional studies can 

examine natural streams within a catchment, and observe a multitude of base water quality 

conditions. When monitoring mitigation strategy effectiveness, a variety of impacted 

streams must be targeted to ensure regional representation (McDowell et al., 2013). 

Knowledge of base water quality is also important for mitigation studies, to ensure strategies 

are providing adequate attenuation.  

Alternatively, short-term (and high-frequency) monitoring is important for water quality 

analyses, as it enables the impacts of major stressors to be observed in high resolution. Short-

term monitoring can expose the magnitude and duration of a water quality impact, of which 

the associated stressor may already be known or interpreted from the findings (e.g., Lee et 

al., 2007; Environment Southland, 2014). Moreover, short-term monitoring can identify 

associations between the contaminants of an impact, which can further inform the source 

(e.g., Nagels et al., 2014). Localised (and highly concentrated) monitoring can also improve 

our understanding of water quality impacts, by isolating the place of contamination which 

can inform pollution sources, and by observing how contaminants propagate downstream 

which can inform the magnitude and duration of an impact (e.g., Wen et al., 2015; Ginders 

et al., 2016). Another advantage of localised studies is that inputs to a stream can be 

controlled and isolated, which improves the certainty of causational relationships (links 

between stressors and water quality impacts) (e.g., Smolders et al., 2015). Understanding 

the magnitude and duration of water quality impacts and their associated stressors is 

important for analysing mitigation strategy effectiveness, as such information demonstrates 

the activities and contaminants that different mitigation strategies can and cannot attenuate.  
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2.4.1 Common sampling strategies 
Considering the importance of local and regional spatial monitoring, and short- and long-

term temporal monitoring for informing water quality analyses, studies often implement 

some, if not all of these principles in their monitoring frameworks. Typically, long-term 

monitoring strategies are peered with regional studies, while short-term monitoring is 

executed at the local scale (e.g., Nagels et al., 2014; Larson et al., 2016). Studies monitoring 

the long-term effectiveness of mitigation strategies are typically conducted for a minimum 

of one year to account for seasonal variability (i.e., Wilcock et al., 2013a; Nagels et al., 

2014). Yet longer time-frames are recommended for strategies such as riparian buffer strips 

and constructed wetlands (i.e., five years), which require a mature plant population to 

achieve optimum attenuation (Tanner et al., 2005; NIWA, 2007; Hamilton, 2012). Samples 

are taken every fortnight/month, before, during, and after the installation of mitigation 

strategies to monitor changes in water quality attributed to attenuation (e.g., Forbes et al., 

2011; Nagels et al., 2014; Praat et al., 2015). Additionally, long-term studies typically target 

multiple streams on several farms within a catchment or region, to ensure the findings are 

representative and applicable to the wider study area (McDowell et al., 2013).  

Alternatively, studies monitoring the short-term (real-time) effectiveness of mitigation 

strategies typically target a singular stream reach, or several reaches within close proximity 

if comparing management/mitigation to the status quo (Smolders et al., 2015). Water quality 

is monitored upstream and downstream of mitigation strategies (or at the upstream and 

downstream extent of a non-managed reach) to observe longitudinal changes in contaminant 

concentrations attributed to attenuation (Parkyn et al., 2003; Forbes et al., 2011; Praat et al., 

2015). Short-term studies can span from several hours to weeks in length depending on the 

mitigation strategy involved. For instance, wetlands need to be monitored longer than other 

strategies (i.e., for several days) as they slow flow considerably, and thus have a longer 

residence time for contaminants than features like riparian strips (NIWA, 2007). 

Furthermore, the length of short-term studies can be influenced by the focus of the 

monitoring. For example, studies examining the impact of rainfall on the attenuation 

capabilities of wetlands and riparian buffers may only be conducted for a few hours or days, 

as rainfall events typically produce substantial though brief water quality impacts (e.g., 

Rozemeijer et al., 2010; McDowell et al., 2013; Muirhead, 2013). Comparatively, studies 

examining the impact of stock on these strategies should span for a few days or weeks, as a 
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period of substantial contaminant loading may be required to see shifts in water quality (e.g., 

Sunohara et al., 2012). Few studies have investigated the impact of short-term stock grazing 

events on mitigation strategy efficacy in New Zealand. Additionally, the sampling frequency 

of short-term studies can be influenced by their focus. Sporadic and intensive impacts 

typically require high-frequency sampling (i.e., minutes – hours) to capture sufficient water 

quality variability, while more gradual impacts can be monitored less intensively (i.e., hours 

– days) (e.g., Rozemeijer et al., 2010; Sunohara et al., 2012; Smokorowski et al., 2017). 

Similar to long-term studies, water quality is measured before, during, and after the impact 

of a stressor on the attenuation of a mitigation strategy (e.g., Larson et al., 2016). Monitoring 

frameworks that combine these short-term and local-scale attributes are commonly referred 

to as before-after-control-impact (BACI) studies. 

2.5 Conclusion 
Clean freshwater is a necessity for New Zealanders and is fundamental to many of society’s 

economic, environmental, cultural, and social needs. Contaminants from intensive 

agriculture have an adverse impact on freshwater quality and the values accompanying 

waterways. Agricultural contaminants are becoming more prolific in New Zealand 

waterways with the recent acceleration of agricultural intensification, and consequently, 

water quality has degraded substantially. The current freshwater quality management 

framework in New Zealand is inadequate, and adjustments must be made to see 

improvements in national water quality. Mitigation strategies for agricultural contaminants 

are a promising initiative. However, while several mitigation strategies have proven to be 

effective for improving freshwater quality in New Zealand, they are either inappropriate for 

high-country farms, or their efficacy in the high-country is poorly understood. To improve 

national freshwater quality, effective mitigation strategies must be available for all situations 

and environments. Therefore, there is a need to investigate the effectiveness of those 

mitigation strategies that are promising, yet poorly understood for high-country farms – 

riparian buffer strips and constructed wetlands. To adequately monitor the effectiveness of 

these mitigation strategies, a sample strategy must be designed to incorporate short- and 

long-time scales, and local and regional spatial scales, as per best-practice. 
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   Chapter Three 

3 Methods 

3.1 Research strategy 
The objective of the study was to determine how effective constructed wetlands and riparian 

buffer strips are at attenuating agricultural contaminants from high-country farm streams in 

New Zealand. Several research questions were developed to achieve this aim, directed at 

identifying why mitigation strategies need to be implemented on high-country farms near 

Wānaka, the appropriate mitigation strategies for these farms, and how well constructed 

wetlands and riparian buffers improve water quality in this environment (Figure 3.1). The 

approach of this research, therefore, was to undertake a field-based observational study to 

characterise the real-world behaviour and responses of different attenuation techniques in 

the high-country. The approach of using a case study was essential, because of the complex 

interactions between farm practice and environmental conditions that are bespoke to this part 

of the country. Such conditions also made strategies such as modelling inappropriate. 

Despite the spatial specificity of the study, general trends in mitigation strategy attenuation 

identified are informative for other high-country regions in New Zealand and highlight the 

need for further research in this topic. 

The research approach also required the observation of water quality parameters over time, 

that is, a longitudinal assessment of water quality, so that different attenuation measures 

could be observed to perform under different climatic and farm management conditions, and 

any seasonal efficiencies could be identified. Alongside this farm-scale approach, a 

secondary research strategy consisting of two before-after-control-impact (BACI) 

experiments was conducted (Figure 3.1). The BACI experiments monitored the longitudinal 

water quality of a constructed wetland and a non-managed reach before and after a large 

stock grazing event, to identify the real-time impacts of stock on water quality, and the effect 

such an event has on the attenuation capabilities of a constructed wetland. This secondary 

research strategy was important, as it generated additional information on mitigation strategy 
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efficacy to the farm-scale study, that is, the episodic variability in constructed wetland 

attenuation. 

 

Figure 3.1. A flow diagram illustrating the overarching objective of the study, the research 
questions investigated to develop this objective, and the methodology used to investigate the 
research questions. 
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The one-year water quality sampling strategy was implemented on two high-country farms 

near Wānaka to investigate the research questions, along with the two BACI water quality 

experiments (Figure 3.1). The dual sample strategy comprehensively monitored the 

attenuation of a constructed wetland and a riparian buffer strip across a range of short- and 

long-time scales, and local and regional spatial scales. The one-year study was also 

implemented to demonstrate the need for mitigation strategies on high-country farms near 

Wānaka. Water samples were analysed for key agricultural contaminants using standard 

laboratory techniques. Additionally, qualitative farm management surveys were conducted 

to identify current farm practice and mitigation strategy costs. 

The state of water quality for streams near challenged farm management situations (i.e., 

critical source areas) was determined using an adapted Water Quality Index (WQI), to 

support the implementation of mitigation strategies on high-country farms (Figure 3.1). 

Contaminant sources on the study farms were investigated using correlation analyses. 

Specific contaminant sources were then examined. The farm practices causing high in-

stream concentrations of contaminants were identified by a mixture of principle component 

(PCAs) and multivariate analyses (MAs), which informed areas of farm management in need 

of improvement and supported the design of the mitigation strategies. Non-farm-practice 

contaminant controls (rainfall and wetlands) were also investigated using regression and 

MAs to identify additional mitigation strategy requisites. Moreover, MAs (statistical and 

non-statistical) were used to identify whether the water quality downstream of the 

constructed wetland was influenced by groundwater intrusion and not the wetland alone. 

Constructed wetland and riparian buffer strip efficacy was obtained from MAs and percent 

reductions in contaminant concentrations downstream of these features. Constructed 

wetland efficacy was also determined by comparing contaminant concentrations 

downstream of the feature prior to and following a stock grazing event upstream. The 

assessment of mitigation strategy ‘practical-effectiveness’ was executed to inform high-

country farmers of tools that are effective for particular water quality deficiencies, and 

strategies that are effective in general. Cost-effectiveness analyses were conducted for both 

mitigation strategies, with and without the support of funding, to highlight affordable 

attenuation options for farmers to improve water quality. 
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3.1.1 Site selection 
The Lake Wānaka catchment is located in the central South Island of New Zealand and 

extends eastward from the Southern Alps mountain range (Figure 3.2). The catchment is a 

significant high-country region of New Zealand, with 18 farms occupying over 96,615 ha. 

 

Figure 3.2. The Lake Wānaka catchment, located in the central South Island of New Zealand, 
east of the Southern Alps. 

Two high-country farms in the catchment agreed to participate in the study (Figure 3.3). The 

farms are suitable as they reflect the general climatic, topographic, and morphological 

conditions of the wider region, which are important controls of hydrological pathways, 

sediment supply and erosion, land use, and water quality (e.g., Price, 1995; Hicks et al., 

1996; Palazon et al., 2016). 
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Figure 3.3. A map of West Wānaka outlining the farms of the study. 

3.1.1.1 Hydrology 
The Lake Wānaka catchment is exposed to a high annual rainfall average of 883 mm 

(Matukituki from the period of 2008 – 2017) (NIWA 2019, Pers. Comm., 2 October). The 

annual rainfall of the catchment is distributed across the seasons fairly evenly, although 

monthly rainfall averages are highest in winter and lowest in summer (Figure 3.4). Rainfall 

events within the Lake Wānaka catchment are typically intense, and drive the high annual 

rainfall average despite the modest number of rain days annually (113 days with over 0.1 

mm of rainfall at Matukituki) (NIWA 2019, Pers. Comm., 2 October). Intense rainfall events 

in the catchment are predominantly generated by the prevailing westerly winds (Hughey & 

Becken, 2014). Westerly airflow can force anticyclones and intervening troughs of low 
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pressure over the Southern Alps, driving orographic rainfall on the West Coast of New 

Zealand and a ‘spill-over’ of precipitation in mountainous catchments to the east (in the lee) 

of the Main Divide (Salinger et al., 1995). The catchment also experiences considerable 

snowfall in winter, when low temperatures cause precipitation within the westerly air masses 

to freeze as they traverse the Southern Alps (Jobst et al., 2018). Much of the snow is 

perennial and contributes to summer snowmelt, although in some areas snow can contribute 

to glacial ablation (NIWA, 2015). 

 

Figure 3.4. The average monthly rainfall for Wānaka (Matukituki) from 2008 – 2017. 
Source: (NIWA 2019, Pers. Comm., 2 October). 

Due to the episodic nature of the Lake Wānaka catchment hydroclimate, farm streams tend 

to be small, ‘flashy’, and ephemeral. The streams respond quickly to intense rainfall events 

in the catchment as surface runoff becomes a dominant hydrological pathway. Runoff is 

triggered when the infiltration capacity of a soil is reached (Hortonian overland flow) or 

when a soil becomes saturated (saturated overland flow) – both conditions can be promptly 

satisfied with intense rainfall (Elsenbeer et al., 1994). However, between events there are 

extended periods without rain in the Lake Wānaka catchment, which can cause streams to 

become very low or dry, particularly in winter when precipitation is mainly deposited as 

snow in the headwaters (Poyck et al., 2011). The main tributaries of Lake Wānaka 

(Matukituki and Makarora Rivers) retain moderate-high flows year-round due to the mass 
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convergence of streams, but experience higher flows in summer (exacerbated by glacial 

melting) and lower flows in winter (Gawith et al., 2012). 

3.1.1.2 Land use 
The study farms operate a series of management practices reflective of the wider region. 

Like the rest of the Lake Wānaka catchment, the topography ranges from steep slopes to 

gently rolling hills and flat river plains (Bayer, 2013). The farms have three general 

management styles, due in part to variable topography; lowland, rolling hill country, and 

high-country farming. A wide range of stock, fertiliser, tillage, and pasture practices are 

integrated within these farming styles. Lowland zones grow a variety of pastures (grasses 

and winter feed crops i.e., fodder beet) and are typically conventionally ploughed, fertilised 

consistently with nitrogen and phosphorus products, and grazed intensively by sheep, cattle, 

and deer (Figure 3.5). Rolling hill country tends to be managed similarly to lowland zones, 

though conservative cultivation (direct drilling) and grass pastures are dominant. 

Alternatively, high-country areas are typically composed of low quality grass pasture, lack 

cultivation and fertiliser inputs, and farm deer and sheep varieties at a low stocking rate for 

long periods. 

 

Figure 3.5. A herd of cattle being moved to a lowland paddock on West Wānaka Station, 
November 2018. 
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The soils of the study farms are brown and pallic, and dictate some of the management 

practices (LCR, 2019a). Pallic soils have poor permeability and require intensive cultivation 

for healthy pasture growth, otherwise areas may be inappropriate for grazing cattle (Bruce, 

1996). Brown soils, however, tend to have a high organic matter content and the capacity to 

hold substantial soil moisture (Perrott & Sarathchandra, 2012). Subsequently, brown soils 

can support healthy pasture suitable for most stock, though they often require fertiliser inputs 

to avoid nutrient depletion (Wakelin et al., 2013). Organic matter within the soils of the 

farms is a key ‘natural’ source of organic sediment for streams. The soils also provide a 

natural inorganic sediment source for farm streams, particularly the pallic soils, which are 

derived from schist loess (Bruce, 1996). The underlying lithology is schist of the Rakaia 

formation, and the Aspiring lithologic association (Cox & Findlay, 1995).  

3.1.1.3 General water quality  
The water quality of the Matukituki River provides an indication of the stream quality for 

the study farms, as many drain into the Matukituki upstream of the ORC monitoring site 

(Figure 3.6). For the 2012 to 2017 period, the Matukituki River exceeded contaminant 

thresholds for NH4+ and E. coli at its outflow (the ORC site), and Lake Wānaka, the receiving 

water body, exceeded its TP threshold (Table 3.1). Such exceedances indicate that some of 

the study farm streams are likely to be of poor water quality. Additionally, independent 

research identified significantly greater concentrations of NH4+, NO3- and turbidity in a 

lowland reach of the Matukituki River compared to the headwaters (Diack, 2015). The 

increasing downstream trend in agricultural contaminant concentrations supports the notion 

that agricultural land use is degrading farm stream quality and the quality of receiving water 

bodies. 
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Figure 3.6. The headwater, lowland, and outflow (ORC) water quality sample sites of the 
Matukituki River. Annotated are the main streams of the study farms draining into the 
Matukituki. Sources: ORC (2017) and S Mager 2019 (Pers. Comm., 23 July). 
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Table 3.1. Average contaminant concentrations for the headwater, lowland, and outflow 
sites of the Matukituki River, and the outflow of Lake Wānaka, and numerical limits for 
achieving good water quality from Schedule 15 of the ORC Water Plan. The average 
concentrations for the Matukituki and Lake Wānaka outflows were derived from the ORC 
(2012 – 2017), while concentrations for the headwater and lowland sites of the Matukituki 
were gathered from independent research (2012 – 2015). Sources: ORC (2014), Diack 
(2015), ORC (2017), and S Mager 2019 (Pers. Comm., 8 October). 

 
Moreover, LCR 2019 (Pers. Comm., 1 November) found in 2012 that for 15 high-country 

farm streams in the Lake Wānaka catchment; four had median E. coli (60 – 1300 CFU/100 

mL) concentrations in exceedance of water quality limits; three had NO3- (0.13 – 0.40 mg L-

1) levels that exceeded the limit; two had median NH4+ concentrations (0.03 – 0.04 mg L-1) 

that exceeded limits; and one streams median turbidity (6.4 NTU) and PO43- (0.006 mg L-1) 

concentration exceeded the limits (See Appendix 1). Furthermore, four of the streams that 

exceeded water quality limits were located on the West Wānaka and Alpha Burn Stations 

(two streams each). The study farm streams are particularly susceptible to water quality 

degradation, as they are exposed to contaminant generation from a multitude of management 

practices, and hydrological pathways which are strongly connected to contaminant sources. 

  

Contaminant Matukituki River Lake Wānaka Limits 

Headwater Lowland Outflow Outflow 

TN (mg L-1) – – – 0.089 0.1 

TP (mg L-1) – – – 0.006 0.005 

NH4
+ (mg L-1) 0 0.006 0.011 0.007 0.01 

NO3
- (mg L-1) 0.014 0.050 0.070 – 0.075 

PO4
3- (mg L-1) 0.001 0 0.004 – 0.005 

E. coli 
(CFU/100 mL) – – 66 2 50  

(10 for Lake) 

Turbidity (NTU) 5.5 7.3 2.08 0.63 3 
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3.2 Sampling strategy 
Critical source areas, the stream reaches most susceptible to agricultural contamination, were 

identified on the study farms by stage three land environment plans conducted by Aspiring 

Environmental in 2017. The land environment plans identified areas of high nitrogen, 

phosphorus, faecal, and sediment concentration, and recommended strategies appropriate 

for mitigation. One of the most vulnerable critical source areas (and its paired mitigation 

strategy) was adopted by this study as an ‘impacted’ reach (Figure 3.7; Figure 3.8). The 

mitigation strategy implemented was a riparian buffer strip, which was fenced at the end of 

March 2019 and planted at the start of May 2019 (Table 3.2). An established constructed 

wetland (five years old) on Alpha Burn Station was also examined as an impact reach and 

acted as a reference for ‘mature’ wetland attenuation. 

Table 3.2. The design, size, buffer width, and plant specifications of the mitigation strategies 
examined by the study. Source: A Cleland 2019 (Pers. Comm., 15 October). 

 

Feature Riparian Buffer Strip Constructed Wetland 

Design 0.7 ha strip encompassing a 420 m 
stream section 

0.1 ha wetland surrounded by 0.6 ha of 
plantings. The wetland extends into a  

500 m stream section encompassed by a 
1.1 ha riparian buffer strip 

Buffer 18 m buffer Wetland 25 m buffer  
Riparian strip 22 m buffer  

Plant 
number 800 plants 1000 plants 

Plant 
Species 

Dry areas: Mingimingi, Cabbage Tree, Tree Daisy, Kowhai, Broadleaf, 
Koromiko, Manuka, Toitoi, Flax, Purei, and Kohuhu 

 

Damp areas: Mingimingi, Cabbage Tree, Tree Daisy, Kowhai, 
Rohutu, Kanuka, and Korokio 
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Figure 3.7. The constructed wetland (top) and riparian buffer strip (bottom) impact reaches, 
May 2019. Photographs supplied by Chris Arbuckle. 

Additionally, three stream sections were selected as ‘baseline’ reaches for the study, and 

have not undergone intervention. The baseline reaches were selected as they are either 

upstream of the impact reaches or part of separate streams, meaning they were not impacted 

by the interventions. Furthermore, the baseline reaches were selected to represent a variety 

of land use impacts. Consequently, sections of the baseline reaches vary from degraded farm 

creeks to pristine mountain streams, and provide a holistic account of high-country farm 

water quality. However, it is important to note that the majority of sample sites were near 
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challenged management situations (i.e., critical source areas), and do not reflect the ‘overall’ 

water quality of the study farms. 

 

Figure 3.8. The impact and baseline reaches of the study on West Wānaka Station and Alpha 
Burn Station. 

The surrounding land uses of the baseline and impact reaches (for the duration of the study) 

were identified by two qualitative farm management surveys (Figure 3.1). The surveys were 

conducted between March 2019 and September 2019, where farmers identified management 

practices occurring in areas immediately surrounding the baseline and impact reaches, along 

with activities occurring in areas encompassing the upstream sections of these streams. Stock 

number, class and duration, stock access, feed type and quantity, tillage type, and fertiliser 

type and quantity were among the practices identified. The surveys also identified the 

installation expenses and ongoing costs of the mitigation strategies for the cost-effectiveness 

analysis. Installation expenses included fencing materials, plants, labour, and digger hire, 
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while ongoing costs involved weed spraying, replants, labour, and excavation work (hire). 

The total cost of installing each strategy was calculated, with and without the support of 

funding. The ‘likely cost’ of installing the strategies on other high-country farms was also 

calculated (with and without funding), as most farmers will not experience installation costs 

as great as those in the study.  

Furthermore, a one-year water quality sampling strategy was employed for the impact and 

baseline reaches (Figure 3.1). Two short-term BACI experiments were conducted using the 

constructed wetland reach and a non-managed reach. Nitrogen, phosphorus, sulphate, E. 

coli, and sediment were selected as variables for the studies, as they are the key water quality 

contaminants of most concern in New Zealand and provide an indication of overall water 

quality.  

3.2.1 One-year water quality sampling strategy  
Water samples were collected from all reaches before, during, and after the introduction of 

the riparian buffer strip. Sampling began in October 2018 and was undertaken monthly 

during the establishment of the riparian buffer until September 2019. Samples were collected 

for 12 months during below median flow conditions (bar four sample campaigns) (Figure 

3.9) to establish the baseline water quality of the study streams and account for seasonality 

variations. 

 

Figure 3.9. Stream flow in the Matukituki River, annotated with the monthly sample 
campaigns which were typically undertaken in below median flow conditions. Data Source: 
NIWA. 
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Water samples were collected from two sites at each impact reach with every visit, one 

adjacent to the upstream limit of the mitigation strategy, and the other adjacent to the 

downstream boundary (Figure 3.10). Additionally, water samples were collected from a 

natural spring upstream of the constructed wetland during the final two sample campaigns, 

to assess whether the spring was enhancing NO3- concentrations downstream of the wetland 

(Figure 3.11). Two to three sites were also sampled at each baseline reach with every visit 

(Figure 3.8). To capture maximum land-use variability, all baseline streams were sampled 

as close to their upstream and downstream limits as practically possible. 

 

Figure 3.10. A diagram demonstrating the water sample sites for baseline and impact 
reaches. Photographs supplied by Chris Arbuckle. 

An additional site was sampled at the Glendhu wetland and West Wānaka baseline reaches 

(Figure 3.10). The extra Glendhu wetland site was situated downstream of a major land use 

impact (stock water hole), so that in combination with the downstream site, the ‘sub-reach’ 



 46 

would imitate the conditions of the constructed wetland reach (bar the mitigation strategy). 

For instance, both reaches had streams of similar size and length, and experienced major 

stock impacts upstream (the constructed wetland had a fodder beet paddock for grazing 

upstream). Similarly, the West Wānaka site was positioned at the upstream boundary of a 

paddock that mimicked the riparian buffer strip reach; the paddocks were similar in size, had 

streams of similar length, and were sampled at the upstream and downstream limits. The 

strategic sampling of the West Wānaka and Glendhu wetland streams allowed for more 

accurate comparisons of longitudinal water quality between managed and non-managed 

reaches. 

 

Figure 3.11. A diagram illustrating the natural spring upstream of the constructed wetland, 
and where the spring was sampled for TN, NO3-, and NH4+ concentrations. The spring 
intercepts the constructed wetland downstream of the sample site at the wetland inlet. 
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At each sampling site, water was collected in a 60 mL LDPE container for analysis of TN, 

TP, NO3-, NH4+, PO43-, and SO42-, and in a sterile 100 mL container for E. coli analysis. 

Larger grab samples (1 – 5 L HDPE) were collected for the analysis of turbidity, POM, and 

SSC. Although, at the spring upstream of the constructed wetland, only one sample was 

collected in a 60 mL LDPE container for analysis of TN, NO3-, and NH4+. Measurements of 

temperature, pH, and specific electrical conductance were recorded at the sites (except for 

the first sample campaign) using a YSI Pro-plus multi-probe, calibrated prior to sample 

collection (Table 3.3). Field blanks were collected during each sampling campaign at the 

first and last sample sites to correct for any sampling, handling, or storage contamination, 

where a 60 mL LDPE container was filled with distilled deionised water. Water samples 

were collected, transported, and stored following standard sample handling procedures 

(USGS, 2005). 

Table 3.3. The operating range, accuracy, and precision for the YSI Pro-plus multi-probe 
(as specified by the manufacturer) used to measure electrical conductance, temperature, and 
pH in situ. 

 

3.2.2 Short-term BACI water quality experiments  
Two short-term BACI experiments were conducted on Alpha Burn Station in April 2019. 

Two neighbouring lowland paddocks with streams sampled monthly were used in the BACI 

experiments and sampled for water quality over a two-day period each (consecutively). One 

paddock contained the established wetland (duck pond paddock), the other was ‘non-

managed’ (fish pond paddock) (Figure 3.8; Figure 3.12). The non-managed paddock had a 

riparian buffer installed for the one-year sample strategy after the BACIs. The paddocks 

were selected for the study as they had different levels of stream management but similar 

catchment characteristics; that is, they were similar in size, had similar stock impacts, and 

had similar stream reaches (from the same stream). The existing water quality sites at the 

Parameter Operating Range Accuracy Precision 

Specific electrical conductance 
(µS cm-1) 

0 – 200 ±1 1 

Temperature (°C) 0 – 40 ±0.35 0.2 

pH  0 – 14 units ±0.2 0.01 
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paddocks were sampled for the experiments besides the downstream sample site of the non-

managed paddock (moved above a small tributary to exclude any confounding variables) 

and the upstream site of the wetland paddock (moved above the BACI plot). The upstream 

sites were separated from the impacts of the BACIs and used for the control data set, and the 

impact data was accumulated from the downstream sites. 

 

Figure 3.12. The paddocks, BACI plots, sample sites, and stream involved in the BACI 
experiments on Alpha Burn Station. 

Each paddock was sampled over a two-day period for water quality. Automatic water 

samplers collected 500 mL of water at each sample site every hour, for TN, TP, NO3-, PO43-

, SO42-, SSC, POM, and turbidity analysis. Continuous high-resolution sampling helped to 

account for variations in the water quality indicators being tested under different stock 

conditions (no stock versus stock) (e.g., Smokorowski et al., 2017). Manual water samples 

were also collected every six hours from the sites in 30 mL LDPE containers for NH4+, and 

in sterile 100 mL containers for E. coli. Field blanks were collected before sampling 

commenced and after sampling finished for each paddock, where a 60 mL LDPE container 

was filled with distilled deionised water. Additionally, an automatic rainfall gauge was 

installed in the non-managed paddock to record any local precipitation events. 
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The first 12 hours of sampling for the non-managed reach experiment established the base 

water quality while there were no major impacts (Figure 3.13). A herd of nine cattle were 

then introduced for a 12-hour sampling period at a high experimental stocking rate 

(approximately 1,200 stock ha-1) and acted as the ‘impact’ of the experiment. The cattle were 

confined to a 0.045 ha plot (with stream access) at the upstream extent of the non-managed 

paddock (Figure 3.12; Figure 3.14). The small plot was used to intensify the interaction 

between the cattle and the waterway so that long-term impacts could be observed in the short 

sampling timeframe. Water quality was monitored for another 12 hours after the cattle were 

removed from the experiment. 

 

Figure 3.13. The timelines of the two BACI experiments. Annotated is the total length of each 
experiment, the timing of the stock impacts (experimental and baseline), and the length of 
the impacts. The baseline stock impact is represented by a dotted line. 
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Figure 3.14. The experimental stock impact of the non-managed reach BACI experiment: 
Nine cattle confined to a 0.045 ha fenced plot. Photograph supplied by Chris Arbuckle.  

Alternatively, for the constructed wetland experiment, water quality was sampled for 24 

hours in total (Figure 3.13). Twenty-five hours prior to sampling a herd of 70 sheep were 

introduced as the stock impact (approximately 12 stock ha-1) and confined to a 5.8 ha plot 

(with stream access) upstream of the wetland for 27 hours (Figure 3.12). A ‘salt-wash’ 

analysis demonstrated that contaminants would likely take 42 hours to pass through the 

wetland during base-flow conditions (Figure 3.15). Subsequently, the first 17 hours of 

sampling (downstream of the wetland) established the base attenuation of the constructed 

wetland, while the last 7 hours represented the impact of the sheep grazing on wetland 

attenuation. 
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Figure 3.15. A graph illustrating the findings of the salt-wash analysis, whereby 0.8 kg of 
salt was released from the control sample site of the constructed wetland BACI (upstream 
of the wetland), and specific electrical conductance was monitored at the impact sample site 
(downstream of the wetland) using an automatic sonde probe. The sonde indicated that the 
majority of salt exited the wetland 42 hours after it was released. 

Both BACI experiments were also subjected to a consistent baseline stock impact 

(approximately 15 stock ha-1) (Figure 3.13). The impact consisted of 12 sheep and 15 cattle, 

which were grazed in a 6.3 ha paddock upstream of the constructed wetland (with access to 

the stream entering the wetland and subsequently the non-managed paddock) prior to and 

during the BACIs.  

3.3 Laboratory analysis  
Over the sampling period, 292 samples were collected; 170 were collected manually as 

discrete grab samples, and 122 using automatic water samplers. All samples were analysed 

between October 2018 and September 2019 at the University of Otago (except for the BACI 

E. coli samples) for TN, TP, NO3-, NH4+, PO43-, SO42-, E. coli, SSC, POM, and turbidity 

using the different laboratory techniques described below. The detection limits and 

operational ranges of the methods are summarised in Table 3.4. Importantly, the mean blank 

concentrations and field blank concentrations were deducted from the raw concentration 

datasets to account for any potential handling contamination. 
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Table 3.4. The operational ranges, accuracy, and precision of the FIA methods for NO3-, 
NH4+, PO43+, TN, and TP, the IC method for SO42-, the Colilert method for E. coli, the loss 
on ignition method for POM and SSC, and the turbidimeter method for turbidity. Sources: 
EPA (1993a); Heiri et al. (2001); LACHAT (2008a); LACHAT (2008b); Warden et al. 
(2011); LACHAT (2012); ASTM (2013); Bright et al. (2018); and IDEXX (2019). 

 

3.3.1 Nitrate, ammonium, and orthophosphate 
Nutrient samples were filtered through a cellulose acetate filter with a 0.45 µm pore size, 

and analysed using flow injection analysis (FIA) methods to determine NO3-, NH4+, and 

PO43- concentrations. Nitrate was analysed using the standard nitrate reduction method and 

reported as nitrate-nitrite (NNN) concentration (QuikChemÒ
 
Method 10-107-04-1-B) 

(LACHAT, 2012). The NO3- in the filtered sample was reduced to NO2- using a copperized 

cadmium column, and reacted with sulphanilamide and NED to produce a magenta 

colorimetric response proportional to concentration. The colour and intensity of the solution 

was measured at a light wavelength of 520 nm to determine the NNN concentration 

(LACHAT, 2003).  

Ammonium concentration was measured using a sodium salicylate-based soil extracts 

method, adapted for waste-water analyses (QuikChemÒ
 

Method 12-107-06-3-B) 

(LACHAT, 2012). The NH4+ in the filtered sample was reacted with hypochlorite ions, 

generated by the alkaline hydrolysis of sodium dichlororisocyanurate, to produce 

Contaminant Operating Range Accuracy Precision 

NO3
- (mg L-1) 0.0003 – 0.1 ±0.002 0.001 

NH4
+ (mg L-1) 0.01 – 4 ±0.02 0.009 

PO4
3+ (mg L-1) 0.004 – 10 ±0.001 0.003 

SO4
2- (mg L-1) 0.03 – 40 ±0.03 0.4 

TN (mg L-1) 0.007 – 5 ±0.02 0.004 

TP (mg L-1) 0.004 – 1 ±0.005 0.003 

E. coli 
(CFU/100 mL) 1 – 2419 ±27 9 

SSC (mg L-1) 0.3 – 200 ±0.01 0.22 

POM (mg L-1) 0.3 – 200 ±0.01 0.22 

Turbidity (NTU) 0 – 1000 ±0.2 0.1 
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monochloramine. A sodium nitroprusside reagent reacted with the monochloramine 

compounds to form a blue indophenol-type dye, and the colour and intensity of the dye was 

measured at a light wavelength of 660 nm to determine the NH4+ concentration (LACHAT, 

1995).  

Orthophosphate concentration was analysed using a sodium bicarbonate soil extracts 

method, adapted for waste-water (QuikChemÒ
 
Method 12-115-01-1-Q) (LACHAT, 2012). 

The PO43- in the filtered sample was reacted with an ammonium molybdate and antimony 

potassium tartrate under acidic conditions to form a complex, which was reduced by ascorbic 

acid to create a blue dye. The colour and intensity of the blue was measured at a wavelength 

of 880 nm to determine the PO43- concentration (LACHAT, 2013). 

3.3.2 Sulphate 
A subset of samples were analysed for sulphate concentration; these included samples from 

the riparian buffer strip reach, the Glendhu wetland baseline reach, and the West Wānaka 

baseline reach of the one-year study (samples from the first nine campaigns only), and all of 

the BACI samples. Sulphate concentration was determined using samples filtered by a 

cellulose acetate 0.45 µm filter, and decanted into 5.5 mL vials for analysis on a Dionex 

3000 ion chromatograph (IC) (standard EPA 300.0A method) (EPA, 1993b). A 2.25 mm 

sub-sample was diluted with 2.25 mm of distilled deionised water (1:1 ratio) to ensure the 

operating range of the method was not exceeded (Table 3.4). The IC uses an anion exchange 

column to time-phase release SO42- ions into a detector module which measured electrical 

conductivity. The electrical conductivity was used to determine SO42- concentration on the 

basis of the calibration of known standards.  

3.3.3 Total nitrogen and total phosphorus 
Unfiltered water samples were analysed for TN and TP concentrations using a standard two-

step digest FIA method (QuikChemÒ
 

Methods 31-107-04-4-B and 31-115-01-2-B) 

(LACHAT, 2012). For the first digest, a 20 mL sub-sample was injected with 5 mL of an 

alkaline digest reagent (potassium persulfate and 0.5N sodium hydroxide), and digested in a 

autoclave for 30 minutes at 150 ºC to convert all forms of nitrogen to NO3- (LACHAT, 

2008a) For the second digest, the solution was injected with 0.5 mL of an acidic digestion 

reagent (potassium persulfate and 11N H2SO4), and digested in a autoclave for 30 minutes 
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at 150 ºC to convert all forms of phosphorus to PO43- (LACHAT, 2008b). The solution was 

then analysed for NO3- and PO43+ concentrations as per the dissolved methods above (See 

Section 3.3.1), and reported as TN and TP concentrations respectively.   

3.3.4 E. coli 
E. coli concentration was measured using the standard Colilert-18/Quanti-Tray method (ISO 

9308-2:2012) (IDEXX, 2019). The water sample was treated with a Colilert reagent (nutrient 

indicator - MUG) within 24 hours of collection. The solution was decanted into a Quanti-

Tray/2000 and incubated at 35 °C for 18 hours at the University of Otago (although the 

BACI samples were incubated at the Glendhu Bay Campground). During incubation, the E. 

coli enzyme β-glucuronidase metabolised the reagent to create fluorescence. The tray was 

examined under UV light to detect the most probable number (MPN) of E. coli Coliform 

units (CFU) per 100 mL of water.  

3.3.5 Suspended sediment, particulate organic matter, and 
turbidity 

Suspended sediment concentration and POM were determined by the standard method 

(ASTM D3977) of filtering water samples through pre-washed and pre-dried 0.7 μm glass 

fibre filters (GFF) (ASTM, 2002). The sediment-laden filters were oven-dried at 105 °C for 

24 hours and weighed and re-dried three times. The GFFs were then furnaced at 500 ºC for 

1 hour and reweighed to determine SSC following the loss on ignition of organic matter, 

which is an index of POM concentration (Grove & Bilotta, 2014). Turbidity was measured 

in NTU from a subsample of the 5 L containers using a Hach 2100p portable turbidimeter 

calibrated using formazin standards and conforming to the EPA 180.1 turbidity method 

(EPA, 1993a). 
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3.4 Data analysis 

3.4.1 The state of high-country farm stream water quality 
Two water quality indices (WQIs) were developed to identify the state of water quality for 

the study farm streams. The WQIs were based on the Canadian Council of Ministers of the 

Environment (CCME) model (), which has been adopted by Environment Canterbury, the 

Canterbury City Council, and the Auckland Council (CCC, 2018). The index ranges from 0 

– 100, and contains five categories that rank water quality: ‘poor’ (0 – 44), ‘marginal’ (45 – 

64), ‘fair’ (65 – 79), ‘good’ (80 – 95), and ‘excellent’ (96 – 100) (CCC, 2018). Three factors 

were used by the WQIs to assess water quality: scope (the percentage of parameters not 

meeting water quality guidelines on at least one occasion); frequency (the percentage of 

samples that did not meet water quality guidelines); and amplitude (the amount by which 

the guideline was not met) (See Equation 3.1 – Equation 3.4). The ORC has also used a WQI 

for state of the environment reporting (e.g., ORC, 2012; ORC, 2017). However, the WQI 

was only calculated from the scope and frequency factors (i.e., Equation 3.1 & Equation 

3.2), making it insensitive to large guideline exceedances and, therefore, less accurate when 

comparing the water quality of individual sites. Hence why a more detailed WQI was 

adapted. 

Equation 3.1. The equation used to calculate the ‘scope’ factor for the WQI. Source: CCME 
(2001). 

Scope = '	
Number	of	failed	variables
Total	number	of	variables 	8 × 100 

Equation 3.2. The equation used to calculate the ‘frequency’ factor for the WQI. Source: 
CCME (2001). 

Frequency = '	
Number	of	failed	tests
Total	number	of	tests 	8 × 100 
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Equation 3.3. The three steps used to calculate the ‘Amplitude’ factor for the WQI. Source: 
CCME (2001). 

𝑒𝑥𝑐𝑢𝑟𝑠𝑖𝑜𝑛H = 	 '	
IJHKLMNLOPQJKRLS

TUVLWPHXLY
	8 − 1    (a) 

𝑛𝑠𝑒 = 	 ∑ L\WR]OH^_S
`
Sab

cdefg	hijklm	dn	eloeo
     (b) 

Amplitude = q	 _OL
r.rt_OLur.rt

	v     (c) 

Where: excursioni is the number of times an individual concentration was greater than the 
objective, and nse is the collective amount by which individual tests were non-compliant 
(the normalised sum of excursion). 

Equation 3.4. The overall WQI equation using the scope, frequency, and amplitude factors 
calculated. Source: CCME (2001). 

WQI = 100 −

⎝

⎛	
|𝐹t~ + 𝐹~~ + 𝐹�~

1.732 	

⎠

⎞ 

Where: F1 is the Scope factor, F2 is the Frequency factor, and F3 is the amplitude factor 

Turbidity, NO3-, NH4+, PO43+, and E. coli were used as the WQI parameters as they provide 

a good indication of overall water quality on high-country farms, there were regional limits 

for these contaminants in Wānaka (Table 3.1), and CCME (2001) recommended a minimum 

of four water quality indicators be used to calibrate any WQI. Two WQIs were calculated 

for each of the study sites using the monthly dataset from the one-year sample strategy. The 

first WQI (WQI1) used the limits for achieving good water quality for the Matukituki River 

(See Table 3.1), while the second WQI (WQI2) used the ORC’s alternative WQI guidelines 

for Otago, specifically the short accrual limits given the episodic hydroclimate of the study 

farms (Table 3.5). WQI2 was used to generate a more accurate representation of water quality 

for the study farm streams. An average WQI was calculated for ‘natural sites’ (unimpacted 
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by agriculture) and ‘sites near challenged farm management situations’ (critical source areas) 

for both models using the index scores from each site, to support the need for mitigation 

strategies on the study farms. The gorge outlet on Alpha Burn Station was the only natural 

site, and the sites near challenged farm management situations were comprised of the 

remaining sample locations. Water quality indices have been used in a similar manner by 

other studies to demonstrate water quality degradation attributed to land use change (e.g., 

ORC, 2012). 

Table 3.5. The guidelines used for WQI2, adapted from the ORC’s alternative WQI 
guidelines for short and long accrual limits in Otago. Source: ORC (2012). 

 

Additionally, the samples collected from the natural site, when the Matukituki River was at 

or below median flow, were compared to the limits for both WQIs, to identify the index that 

produced the most accurate representation of water quality for the farm streams. For 

instance, the natural site is unimpacted by agriculture and demonstrates pristine water 

quality, and therefore, the WQI limits (and WQIs) should reflect this. The ORC limits for 

attaining good water quality are achieved for a site when 80% of samples collected, when 

flows are at or below median flow, meet or are better than the limits in Schedule 15 over a 

rolling five year period (See ORC (2016) Schedule 25). Therefore, as a guideline, the 

turbidity and NO3-, NH4+, PO43+, and E. coli concentrations at the natural site should not 

exceed either set of limits in more than 20% of samples collected during low flow conditions. 

Otherwise the guidelines are likely to be unrealistic for farm streams near Wānaka.  

Contaminant Guideline 

 
NO3- (mg L-1) 

 
0.444 (short accrual) 

0.075 (long accrual) 

PO43- (mg L-1) 0.026 (short accrual) 

0.006 (long accrual) 

NH4+ (mg L-1) 0.1 

E. coli (CFU/100 mL) 126 

Turbidity (NTU) 5 
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3.4.2 Analysis of contaminant sources 
Correlation analyses were used to investigate the contaminant sources on the study farms, 

by identifying related pollutants. Kendall Correlation tests were conducted between all 

contaminants using the one-year dataset. Furthermore, scatterplots were produced between 

all contaminants to investigate whether correlations varied by reach. 

Specific contaminant sources were then investigated. Associations between farm practices 

and key contaminants were examined using principle component analyses (PCAs) and 

multivariate analyses (MAs). The wetlands were also investigated using MAs to see whether 

they enhanced contaminant concentrations downstream. The contaminant sources will help 

inform mitigation strategies appropriate for improving freshwater quality. Moreover, the 

management of the wetlands can be improved if problematic contaminants, and the 

associated attenuation processes, are identified. The impact of rainfall on contaminant 

concentrations was also investigated, to assess the importance of rainfall in the design and 

selection of mitigation strategies. 

3.4.2.1 Associations between contaminants and farm practices 
The stock (number, class and duration) and fertiliser (type and quantity) information derived 

from the farm management surveys was summed over the study period for each paddock. 

The annual stock record for each paddock was then weighted by animal type using stock 

unit conversion factors, as certain animals (i.e., cattle) have a greater impact on water quality 

than others (Table 3.6). Additionally, the proportion of phosphorus and nitrogen applied to 

each paddock via fertilisers was determined. The annual stock and fertiliser inputs for each 

paddock were then divided by paddock area to account for the intensity of the impacts (i.e., 

stock ha-1 yr-1, fertiliser kg ha-1 yr-1, nitrogen fertiliser kg ha-1 yr-1, etc.). 
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Table 3.6. The stock unit conversion factors used to weight the stock impacts for each 
paddock of the study. Source: Parker (1998). 

 

The paddocks that influenced the water quality at each sample site (from the one-year study) 

were identified using a topographic map (20 m resolution), by determining the ‘rain-basin’ 

for each site. The average annual farm impacts for each water quality sample site were then 

ascertained by calculating the mean stock, bailage, and fertiliser intensity (nitrogen, 

phosphorus, sulphate, and cumulative fertiliser intensity) of the relevant paddocks, and the 

proportion of these paddocks with stock access, certain pasture types (i.e., grass, fodder beet, 

turnips, lucerne, etc.), and certain tillage practices (i.e., no tillage, direct drilled, or 

cultivated).  

Eleven PCAs were run using a combination of average contaminant concentrations and 

average farm impacts for each sample site of the one-year study, to determine what practices 

explained the greatest amount of variability in water quality. Each PCA used different 

combinations of farm impacts (2 – 9 at a time) and contaminants (3 – 8 at a time), specifically 

TN, TP, NO3-, NH4+, PO43+, E. coli, SSC, and POM, to ensure that secondary controls on 

water quality were not overstated. For each PCA, the principle components with an 

eigenvalue greater than one were deemed significant, along with the associations (of the 

significant principle components) that had a coefficient greater than ± 0.3. If the significant 

principle components of a PCA explained less than 70% of variability in the dataset 

  
Stock Class Stock Unit Conversion Factor 

Lamb 0.5 

Hogget  0.7 

Ram 0.8 

Ewe 1.0 

Calf 4.0 

Bull 5.5 

Heifer  6.0 

Beef cow 6.0 

Weaner 1.2 

Hind 2.0 
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cumulatively, the PCA was rejected. The associations identified by the PCAs helped guide 

the design of the MAs, which determined the associations of greatest significance.  

Twelve MAs were executed using Mood Median (when comparing three groups) and Mann 

Whitney tests (when comparing two groups). For each test, the sample sites (from the one-

year study) were grouped based on a farm practice, and specifically their average exposure 

to the impact (i.e., low vs high fertiliser intensity). All the measured concentrations of a 

contaminant (for all the contaminants of interest) were then pooled between the sites of each 

group. The median contaminant concentrations of the groups were compared to see whether 

they were statistically different due to differences in farm management. Associations were 

also investigated between SO42- and stock (stock access and intensity) and fertiliser (fertiliser 

intensity) practices using MAs, as the sampling strategy made PCAs inappropriate for this 

contaminant (i.e., only eight sample sites and nine months of data). Stock and fertiliser 

practices were investigated as they are typically the key agricultural sources of SO42- (WHO, 

2004; Geurts et al., 2009).  

Important associations between stock impacts and water quality from the one-year study 

were corroborated by MAs conducted for the non-managed BACI experiment using Mann 

Whitney and Kruskal Wallis tests. To identify whether contaminant concentrations increased 

downstream of the stock grazing event, median turbidity and TN, TP, NO3-, and PO43+ 

concentrations at the impact and control sample sites were compared for the pre-, during, 

and post-grazing phases of the experiment using Mann Whitney tests (Table 3.7). 

Additionally, Kruskal Wallis tests were conducted for each site (for the five contaminants) 

to determine whether any significant changes in contaminant concentrations were observed 

at any stage of the BACI. The BACI’s NH4+, SO42-, E. coli, SSC, and POM data-sets were 

inappropriate for the Mann Whitney and Kruskal Wallis tests, therefore, the median 

concentrations of these contaminants were calculated for the three phases of the experiment 

for the impact and control sites and compared (non-statistically) as per the above method. 
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Table 3.7. The design of the Mann Whitney and Kruskal Wallis tests conducted for the non-
managed BACI experiment, which satisfied both the control-impact and before-after 
components of the BACI. 

 

3.4.2.2 Rainfall and wetland influences 
The second component of the contaminant source analysis involved the use of regression 

and MAs to identify alternative (non-farm-practice) water quality influences on the study 

farms. Regression analyses were used to assess the impact of rainfall (soil saturation and 

rainfall intensity) on the contaminants of the study. An Antecedent Precipitation Index (API) 

and a Rainfall Intensity Index (RII) were produced for each sampling campaign and 

compared to the one-year contaminant concentration datasets via linear Regression. The API 

was developed from a daily rainfall record for the Matukituki supplied by NIWA, using 

Equation 3.5. The 0.76 rain decay coefficient, developed for natural mountainous 

catchments in Southern New Zealand using a 20-year record from Birch Hill, Canterbury, 

was obtained from S Mager 2019 (Pers. Comm., 30 July). A month of rainfall data, prior to 

the start of the sample campaign, was run by the index for calibration purposes. 

Alternatively, the RII was developed from a five-minute rainfall record for the Matukituki 

supplied by NIWA. The RII value for each sampling campaign consisted of the maximum 

five-minute rainfall intensity experienced either on the day of sampling or the two days prior. 

  

  
Test Groups 

Control-Impact component 
(Mann Whitney tests) 

Impact pre-grazing vs control pre-grazing 

Impact during grazing vs control during grazing 

Impact post-grazing vs control post-grazing 

Before-After component 
(Kruskal Wallis tests) 

Impact pre-grazing vs impact during grazing vs impact 
post-grazing 

Control pre-grazing vs control during-grazing vs control 
post-grazing 
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Equation 3.5. The equation used to calculate the API for each sampling campaign. 

API = (𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠	𝑑𝑎𝑦	𝑟𝑎𝑖𝑛H	´	K) + 𝑑𝑎𝑖𝑙𝑦	𝑟𝑎𝑖𝑛V 

Where: API is the Antecedent Precipitation Index, previous day rain is the amount of rainfall 
experienced the day prior in mm, K is the rain decay coefficient used (0.76), and daily rain 
is the amount of rainfall that was experienced on the day being analysed in mm. 

Multivariate analyses were used to determine whether the wetlands enhanced contaminant 

concentrations downstream. The MAs were conducted on TN, NO3-, NH4+, SO42-, SSC, and 

POM, across all of the study sites, to assess whether the median concentrations of these 

contaminants were statistically greater at sites below the constructed wetland (downstream 

constructed wetland and riparian buffer sites) and Glendhu wetland (upstream, midstream, 

and downstream Glendhu wetland sites).  

To assess whether TN and NO3- concentrations below the constructed wetland were being 

influenced by groundwater intrusion, and not the wetland alone, the monthly temperature 

and specific electrical conductance records of the sites directly upstream and downstream of 

the feature were compared. Mann Whitney tests were used to determine if the sites had 

statistically different median electrical conductance and temperature readings, and therefore, 

whether a groundwater influence was probable. Furthermore, the TN, NO3-, and NH4+ 

concentrations of the natural spring upstream of the constructed wetland, for the final two 

sample campaigns, were compared to the contaminant concentrations upstream and 

downstream of the wetland to investigate whether the spring acted as a groundwater source 

of pollution. 

3.4.3 Analysis of effectiveness  
To determine whether the mitigation strategies improved water quality Mann Whitney tests 

were conducted for the impact and baseline reaches (except the riparian buffer reach), which 

compared the median contaminant concentrations (of all contaminants) of upstream sites to 

respective downstream sites using the monthly data-set derived from the one-year study. The 

riparian buffer strip was not analysed using Mann Whitney tests, and instead, median 

contaminant concentrations were calculated for the upstream and downstream sites of the 

reach for the pre- (October 2018 – March 2019) and post-implementation (April 2019 – 
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September 2019) phases of the feature. Additionally, to produce a more focused comparison 

for the riparian buffer strip reach, the median contaminant concentrations from the two 

downstream sites of the West Wānaka baseline reach (at the upstream and downstream 

extent of the lowland paddock) were compared using Mann Whitney tests (See Section 3.2.1. 

for more detail). Similarly, the water quality of the two downstream sites from the Glendhu 

wetland baseline reach (the site at the downstream boundary and the site below the stock 

water hole) were compared to inform the constructed wetland’s attenuation capabilities 

using Mann Whitney tests.  

The extent that the mitigation strategies improved water quality was determined by 

calculating the percentage change in each contaminant concentration downstream of the 

features for every month, using the one-year study data-set (Equation 3.6, a). The mean 

percentage change in concentration produced by the constructed wetland for each 

contaminant was then calculated using the monthly attenuation percentages (Equation 3.6, 

b). Alternatively, the mean percentage changes in contaminant concentrations downstream 

of the riparian buffer strip were calculated for the pre- and post-implementation phases. 

Equation 3.6. The two steps used to calculate the mean percentage change in contaminant 
concentrations downstream of the mitigation strategies. 

∆𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛H = q	��S	�	��Y
��S

	v × 100    (a) 

µ∆𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛H =
∑ ∆�^_WL_P]JPH^_S𝑛
𝑖=1

n    (b) 

Where: DConcentrationi is the percentage change in concentration of a contaminant 
downstream of a mitigation strategy for a particular month, UCi is the concentration of a 
contaminant upstream of the mitigation feature for a particular month, DCi is the 
concentration of a contaminant downstream of the mitigation feature for a particular month, 
µDConcentrationi is the mean percentage change in concentration of a contaminant 
downstream of a mitigation strategy, and n is the number of months data was collected 
(sample size). 
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The ability of the constructed wetland to attenuate contaminants from an isolated stock 

grazing event was determined by comparing contaminant concentrations downstream of the 

feature prior to and following 70 sheep grazing upstream (BACI experiment data). Median 

concentrations were calculated for all contaminants at the downstream site for the pre-

grazing (first 17 hours of the experiment) and during-grazing (last 7 hours of the experiment) 

phases and compared. The changes in median contaminant concentrations (from stock 

impacts) for the constructed wetland BACI were compared to those of the non-managed 

reach BACI, to make more informed inferences about wetland attenuation. 

Cost-effectiveness analyses were also executed for the constructed wetland and riparian 

buffer strip, for contaminants that displayed a net decrease in concentration downstream of 

the features. The initial installation and ongoing maintenance costs were calculated for both 

mitigation strategies and compared to the mean annual contaminant loads attenuated by the 

features (See Equation 3.7 & Equation 3.8). The comparison identified the cost of 

attenuating 1 kg (1000 CFU for E. coli and 10 NTU for turbidity) of each contaminant a year 

(averaged over a ten-year period) for the two mitigation strategies, given the size of the 

features (i.e., $ kg-1 ha-1 yr-1, or $ 1000 CFU-1 ha-1 yr-1 for E. coli and $ 10 NTU-1 ha-1 yr-1 

for turbidity).  

Equation 3.7. The two steps used to calculate the mean concentrations of contaminants 
attenuated by the mitigation strategies (needed to determine the average annual 
contaminant loads for the cost-effectiveness equation). 

𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛H = 	𝑈𝐶H − 𝐷𝐶V     (a) 

µ𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛H =
∑ �PPL_RJPH^_S𝑛
𝑖=1

n     (b) 

Where: Attenuationi is the concentration of a contaminant attenuated by a mitigation strategy 
for a particular month in kg L-1 (CFU L-1 for E. coli and NTU L-1 for turbidity), UCi is the 
concentration of a contaminant upstream of the mitigation feature for a particular month in 
kg L-1 (CFU L-1 for E. coli and NTU L-1 for turbidity), DCi is the concentration of a 
contaminant downstream of the mitigation feature for a particular month in kg L-1 (CFU L-1 

for E. coli and NTU L-1 for turbidity), µAttenuationi is the mean concentration of a 
contaminant attenuated by a mitigation strategy in kg L-1 (CFU L-1 for E. coli and NTU L-1 

for turbidity), and n is the number of months data was collected (sample size). 
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Equation 3.8. The three steps used to calculate the cost-effectiveness of the mitigation 
strategies to attenuate individual contaminants. 

𝐿H = µ𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛H × Q      (a) 

Cost = q�hoefgfe�dh	 doe
tr

v + Maintenance	cost   (b) 

𝐶𝑜𝑠𝑡𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠H =
¤doe
¥S	u	¦

     (c) 

Where: Li is the average annual load of a contaminant attenuated by a mitigation strategy in 
kg (1000 CFU for E. coli and 10 NTU for turbidity), µAttenuationi is the mean concentration 
of a contaminant attenuated by the mitigation feature in kg L-1 (1000 CFU for E. coli and 10 
NTU for turbidity), Q is the mean annual stream discharge (modelled) upstream of the 
mitigation feature in L obtained from Koordinates (2019), Cost is the average annual 
expense of the mitigation feature over a ten-year period in $, Installation cost is the up-front 
expense of installing the mitigation feature in $, Maintenance cost is the ongoing annual 
expense of maintaining the mitigation feature in $, CostEffectivenessi is the cost-
effectiveness of a mitigation strategy to attenuate a particular contaminate in $ kg-1 ha-1 yr-1 

($ 1000 CFU-1 ha-1 yr-1 for E. coli and $ 10 NTU-1 ha-1 yr-1 for turbidity), and A is the area 
of the mitigation feature in ha. 

Moreover, four cost scenarios were examined in the cost-effectiveness analysis for each 

contaminant (and feature) (Table 3.8): 

1. The cost of the feature for the farmer of the study with the help of funding (‘actual 

cost & funding’) 

2. The cost of the feature for the farmer without funding (‘actual cost & no funding’) 

3. The cost most high-country farmers can expect when implementing the feature with 

the help of funding (‘likely cost & funding’) 

4. The cost most high-country farmers can expect when implementing the feature 

without funding (‘likely cost & no funding’) 
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It was important to investigate the different cost scenarios in the cost-effectiveness analyses, 

as each scenario was catered to a different audience. For example, the scenarios that 

investigated the ‘actual’ cost of mitigation strategies were important for the farmers of the 

study, as the analyses demonstrated the overall cost-effectiveness of the features they 

installed, and how much money they saved (or could save in the future) with the help of 

funding. Alternatively, the scenarios that investigated the ‘likely’ cost of the strategies were 

important for other high-country farmers in the Wānaka catchment (and New Zealand) 

thinking about installing these features, as the analyses highlighted the cost of attenuation 

they should expect and the benefit of securing funding. 
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Table 3.8. The installation and ongoing expenses used for the four different ‘cost’ scenarios. 
Each scenario was used to calculate the cost-effectiveness of the mitigation strategies for 
each contaminant (as appropriate). Funding is not supplied to farmers for ongoing 
maintenance costs, and funding was not sought for the installation of the constructed 
wetland. 

  

 
Strategy Actual vs 

likely cost 
Funding vs 
no funding 

Type of expense Expense 
 

Riparian 
buffer strip 

Actual 

Funding 
Ongoing - 

Installation $17,400 

No funding 
Ongoing $720 yr-1 

Installation $29,400 

    

Likely 

Funding 
Ongoing - 

Installation $14,400 

No funding 
Ongoing $720 yr-1 

Installation $18,400 

Constructed 
wetland 

Actual 

Funding 
Ongoing - 

Installation - 

No funding 
Ongoing $925 yr-1 

Installation $22,100 

    

Likely 

Funding 
Ongoing - 

Installation $18,100 

No funding 
Ongoing $750 yr-1 

Installation $22,100 
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Chapter Four 

4  Results 
The Results Chapter outlines the key findings of the study in three sections. Each section 

collated the necessary information for answering one of the three research questions, and 

therefore, addresses the overall study objective (Figure 4.1). The first section (4.1) 

investigated whether high-country farms near Wānaka need mitigation strategies for 

improving freshwater quality, by comparing the water quality of a pristine reach with sites 

impacted by agricultural practices. The second section (4.2) informed appropriate mitigation 

strategies for these farms, by examining the farm practices in need of improved management 

or mitigation. The section also identified additional requirements for mitigation strategies, 

by investigating the impact of the wetlands and rainfall on freshwater quality. The third 

component of the chapter (4.3) examined how effectively the mitigation strategies of the 

study attenuated key agricultural contaminants, by investigating changes in contaminant 

concentrations downstream of the features during the one-year study (and after a stock 

grazing event for the constructed wetland), and the cost-effectiveness of the strategies. 

 

Figure 4.1. The three research questions (and overarching objective of the study) 
investigated by the results. The research questions are displayed in the order that they are 
discussed in the Results Chapter. 
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4.1 Do high-country farms near Wānaka need 
mitigation strategies? 

To determine whether the study farms required mitigation strategies for improving 

freshwater quality, the water quality of a natural site (unimpacted by agriculture) was 

compared with the quality of sites near challenged farm management situations (critical 

source areas). Two WQIs were used to calculate the overall freshwater quality of the sites. 

Each study site had ‘poor’ water quality according to the conventional WQI (WQI1) (Table 

4.1). Yet the natural site had better water quality (43.6) than sites near challenged 

management situations (21.6). Alternatively, the water quality of the study sites ranged from 

‘poor’ to ‘fair’ according to the alternative WQI (WQI2). The natural site had fair water 

quality (73.9) while sites near challenged management situations demonstrated marginal 

water quality (50.9). 
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Table 4.1. The average water quality of natural sites (unimpacted by agriculture) and sites 
near challenged management situations (critical source areas) on the study farms, 
calculated using WQI1 and WQI2. Refer to Section 3.4.1 to see how the two WQIs were 
calculated. WQI of 0 – 44 is poor, 45 – 64 is marginal, 65 – 79 is fair, 80 – 94 is good, and 
95 – 100 is excellent. 

 
During the study, 100% of samples met WQI1 limits for NO3- and PO43- during below median 

flow conditions (Table 4.2). However, only 75% of samples met the turbidity limit, and less 

than 50% of samples achieved the limits for NH4+ and E. coli. Alternatively, 100% of 

samples met WQI2 guidelines for NO3-, NH4+, and PO43- during median flow conditions, and 

87% of samples met the guidelines for E. coli and turbidity.  

Group Reach Site WQI1 Group 
WQI 

WQI2 Group 
WQI 

Natural Natural 
gorge upstream 43.6 43.6 73.6 73.6 

Sites near 
challenged 
management 
situations 

Natural 
gorge downstream 41.3 

21.6 

64.5 

50.9 

Glendhu 
wetland 

upstream 26.3 48.9 

midstream 
(downstream of 
drinking hole) 

26.7 52.4 

downstream 25.1 66.9 

Riparian 
buffer 

upstream 23.7 69.9 

downstream 23.2 67.3 

Constructed 
wetland 

upstream 21.7 45.4 

downstream 13.4 48 

West 
Wānaka 

upstream 15.3 54 

midstream 
(paddock inlet) 11 36.5 

downstream 10.3 45.6 
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Table 4.2. The frequency that contaminant concentrations at the natural gorge outlet met 
the water quality limits for each WQI during median flow conditions. WQI1 uses numerical 
limits for achieving good water quality from Schedule 15 of the ORC Water Plan (group 3 
– Matukituki River), and WQI2 uses the ORC’s alternative WQI guidelines for Otago 
(specifically the short accrual limits). Eight of the twelve sample campaigns were conducted 
during median flow conditions. NO3-, NH4+, and PO43- are in units of mg L-1, E. coli is in 
CFU/100 mL, and turbidity is in NTU. Sources: ORC (2012) and ORC (2014). 

 

  

 
Contaminant 

 
WQI1 limits 

 
The frequency that 

limits were met 

 
WQI2 limits 

 
The frequency that 

limits were met 

NH4+ 0.01 25% 0.1 100% 

E. coli 50 50% 126 87% 

Turbidity 3 75% 5 87% 

PO43- 0.005 100% 0.026 100% 

NO3- 0.075 100% 0.444 100% 
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4.2 What mitigation strategies are appropriate 
for high-country farms near Wānaka? 

Contaminant sources on the study farms were first investigated with correlation analyses, 

conducted between TN, TP, NO3-, NH4+, PO43-, E. coli, SSC, and POM contaminants using 

the one-year dataset. Orthophosphate had a moderate positive association with TP (t = 0.43, 

p < 0.05), E. coli (t = 0.4, p < 0.05), and POM (t = 0.32, p < 0.05) (Table 4.3). Additionally, 

POM had a moderate positive association with SSC (t = 0.49, p < 0.05), and a moderate 

negative association with NO3- (t = -0.35, p < 0.05). 

Table 4.3. The strongest correlations (> 0.3 coefficient) between contaminants of the study, 
using the one-year study dataset (n = 144 for each contaminant). The analyses were 
completed using Kendall’s Tau Correlation tests. P values < 0.05 indicate a significant 
correlation. 

 

A significant association between TN and NO3- was not identified by the correlation 

analyses. However, when these contaminants were compared for small reaches in isolation 

some significant associations were discovered. For instance, TN and NO3- had a strong 

positive association below the constructed wetland (t = 0.63, p < 0.05) and a moderate 

positive association at the natural gorge reach (t = 0.30, p < 0.05) (Figure 4.2). Alternatively, 

the association between TN and NO3- was not significant below the Glendhu wetland, which 

experienced consistently high TN levels and low to non-detectable NO3- concentrations. 

Furthermore, the association between these contaminants at the West Wānaka reach was not 

significant and variable, with some samples demonstrating high NO3- and low TN levels, 

and others depicting high TN and low NO3- concentrations. 

Variables Correlation Coefficient (t) P value 

PO43- and TP 0.43 0.000 

PO43- and E. coli 0.40 0.000 

PO43- and POM 0.32 0.000 

POM and SSC 0.49 0.000 

POM and NO3- -0.35 0.000 
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Figure 4.2. The strong positive association between TN and NO3- below the constructed 
wetland (t = 0.63, 0.000 p value), the moderate positive association between these 
contaminants at the natural gorge reach (t = 0.30, 0.000 p value), and the non-significant 
associations between the contaminants at the West Wānaka reach and below the Glendhu 
wetland. Associations were derived from Kendall’s Tau Correlation tests, conducted on the 
one-year dataset. 

The correlations between PO43- and TP, and PO43- and POM indicated that fertiliser practices 

may have been an important source for these contaminants on the study farms, as they are 

all components of particulate P fertilisers (e.g., NIWA, 2018). Meanwhile, the associations 

between PO43- and E. coli, POM and NO3-, and POM and SSC indicated than stock impacts 

may have been an important control for these contaminants. Escherichia coli, NO3-, PO43- 

and POM are all products of stock effluent, and SSC and POM are products of soil erosion 

and bank collapse which can be generated by stock (NIWA, 2018; MFE & Stats NZ, 2019). 

However, the strong correlation between TN and NO3- below the constructed wetland 

indicated that this feature, or wetlands in general, may have enhanced some contaminant 

concentrations on the study farms. Therefore, to identify the key contaminant sources on the 

study farms, associations between contaminants and farm practices were investigated, and 

the wetlands were examined to see whether they enhanced concentrations of contaminants 

downstream. The impact of rainfall on contaminant concentrations was also investigated. 
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4.2.1 What farm practices require mitigation? 
Principle component analyses were used to explore links between practice and contaminant 

concentrations on the study farms. Strong associations between farm practices and 

contaminants, that were found in several PCAs, formed the basis of the MAs which would 

identify the associations of greatest significance. The following PCA illustrates some of the 

key associations between practice and water quality on the study farms, and how associations 

of importance were identified for the MAs. The ten remaining PCAs helped to distinguish 

the key trends (See Table 4.5) and can be found in the appendices (See Appendix 2). 

Key associations between fertiliser intensity and TP and PO43- contaminants, and P fertiliser 

intensity and NH4+ were identified in-part by the PCA that assessed the effect of all farm 

practices on all the water quality indicators. For instance, stock intensity, stock access, 

fertiliser intensity, bailage intensity, TP, and PO43- were strongly associated (PC1) by the 

PCA (Table 4.4). Furthermore, P fertiliser intensity, TN, NH4+, SSC, and POM were 

associated in PC2. 

  



 75 

Table 4.4. All farm practice effects on all water quality indicators, using PCA. The first four 
principle components are significant (eigenvalue > 1) and account for 86% of variation in 
the data. Significant associations (> ±0.3) are in bold. 

 

The key associations are highlighted further by the loading plot for this PCA. For example, 

the fertiliser intensity, TP, and PO43- vectors (PC1 and PC2 coefficient vectors) were closely 

aligned, indicating fertiliser intensity had the greatest control of these contaminants for PC1 

Variable PC 1 PC 2 PC 3 PC 4 

Stock intensity  
(weighted by stock type) 0.32 0.22 0.00 -0.14 

Stock access 0.37 0.05 -0.03 -0.08 

Fertiliser intensity 0.36 -0.09 0.05 -0.08 

N fertiliser intensity -0.15 -0.14 0.56 -0.14 

P fertiliser intensity 0.22 -0.35 0.07 -0.11 

Cultivation 0.30 0.19 0.26 -0.17 

Proportion grass -0.16 0.04 -0.31 -0.51 

Bailage intensity 0.33 0.12 -0.19 -0.17 

High quality pasture 0.06 0.19 0.47 0.13 

TN 0.07 -0.42 0.01 0.29 

TP 0.32 -0.11 -0.01 0.23 

NO3
- 0.01 0.25 0.21 0.43 

NH4
+ 0.15 -0.34 -0.21 0.10 

PO4
3- 0.33 -0.10 -0.09 0.26 

SSC -0.10 -0.37 0.34 -0.27 

POM 0.00 -0.45 0.01 -0.05 

E. coli 0.30 0.02 0.22 -0.34 

Eigenvalue 6.99 3.78 2.35 1.44 

Proportion of variation 
in the data explained 0.41 0.22 0.14 0.09 
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(Figure 4.3). Meanwhile, NH4+ was the contaminant influenced most by P fertiliser intensity 

in PC2, as the vectors were coupled. Additionally, the loading plot highlighted a link 

between stock access and E. coli, another key association identified by the PCAs (Table 4.5). 

 

Figure 4.3. All farm practice effects on all water quality indicators, using PCA continued; 
A loading plot which demonstrates the farm practices and contaminants that were most 
strongly associated for PC1 and PC2 (i.e., the most closely aligned vectors). 

Overall, the TP and PO43- contaminants were most strongly associated with stock and 

fertiliser impacts, as defined by the PCAs. For instance, TP and PO43- were strongly 

associated (PC1) with stock impacts (access and intensity) in three of the eleven PCAs each, 

PO43- was strongly associated with fertiliser impacts (fertiliser intensity and P fertiliser 

intensity) in three PCAs, and TP was strongly associated with fertiliser impacts in two PCAs 

(Table 4.5). Concentrations of E. coli were most strongly associated with stock impacts; E. 

coli was strongly associated (PC1) with stock impacts in two PCAs. Meanwhile, NH4+ was 

most strongly associated with fertiliser impacts and formed two PC1 and one PC2 

associations with both fertiliser intensity and P fertiliser intensity practices. The SSC and 

POM contaminants were also predominantly associated with fertiliser impacts, yet not as 

strongly as other contaminants. For example, SSC and POM were strongly associated (PC1) 

with fertiliser intensity in one PCA each, and moderately associated (PC2) with the impact 

in two PCAs each. 
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Table 4.5. The strongest associations between contaminant concentrations and farm 
practices, and the key associations between practices on the study farms, as defined by the 
eleven PCAs (See Table 4.4 and Appendix 2). The number of times each key association was 
either the first, second or third principle component for an analysis is denoted. As is the 
typical amount of variation (in a dataset) explained by first, second, and third PCs. 

 

Additionally, all of the farm practices were strongly associated (PC1) in two PCAs, and 

moderately associated (PC2) in one PCA (Table 4.5). Hence, why PO43-, TP, and E. coli 

contaminants also shared some strong associations with tillage and pasture practices (i.e., 

Farm Practice Key associations PC 1 PC 2 PC 3 

Stock 

PO4
3- and stock (access and intensity) 3   

TP and stock (access and intensity) 3   

E. coli and stock (access and intensity)  2   

Fertiliser 

PO4
3- and fertiliser (cumulative and  

P fertiliser intensity) 3   

TP and fertiliser (cumulative and  
P fertiliser intensity) 2   

NH4
+ and fertiliser (cumulative and  

P fertiliser intensity) 2 1  

SSC and fertiliser intensity 1 2 1 

POM and Fertiliser intensity 1 2  

Tillage 

PO4
3- and cultivation 2   

TP and cultivation 2   

E. coli and cultivation 1   

Pasture 

E. coli and bailage intensity 2 1  
PO4

3- with high bailage intensity and  
low proportion grass 2   

TP with high bailage intensity and  
low proportion grass 2   

All farm 
practices 

Stock intensity and stock access 5 1  

High quality pasture, cultivation, bailage 
intensity, and low proportion grass 4 2 2 

High quality pasture, stock intensity and 
access, fertiliser intensity, cultivation, 
bailage intensity, and low proportion grass 

2 1 1 

Typical amount of variation explained ~ 45% ~ 26% ~ 14% 
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because high fertiliser and stock impacts were in the same areas). For instance, PO43- and TP 

were strongly associated (PC1) with cultivation, bailage intensity, and low proportion grass 

in two PCAs each; E. coli was strongly associated with bailage intensity in two PCAs, and 

moderately associated (PC2) with the practice in one PCA; and E. coli was strongly 

associated with cultivation in one PCA. Stock access and stock intensity were the most 

strongly associated farm practices, having formed five PC1 associations and one PC2 

association. The strong link between stock access and intensity likely explains why these 

practices impacted PO43-, TP, and E. coli in tandem.  

4.2.1.1 What associations were of greatest significance? 
The strongest associations between contaminant concentrations and farm practices identified 

by the PCAs were investigated by the MAs, to see what associations were of greatest 

significance. The associations between PO43-, TP, and NH4+ contaminants and fertiliser 

practices (fertiliser intensity and P fertiliser intensity) were important, as identified by the 

MAs. Areas with low, moderate, and high fertiliser application had statistically different 

concentrations of PO43-, TP, and NH4+ (Figure 4.4). For example, the median PO43-, TP, and 

NH4+ concentrations for high fertiliser intensity zones (0.012 mg L-1, 0.035 mg L-1, and 0.023 

mg L-1 respectively) were greater than the concentrations for moderate (0.005 mg L-1, 0.011 

mg L-1, and 0.019 mg L-1 respectively) or low (0.003 mg L-1, 0.005 mg L-1, 0.007 mg L-1 

respectively) fertiliser intensity areas (See Appendix 3). Concentrations of these 

contaminants were also statistically different at areas with low and high P fertiliser 

application; The median PO43-, TP, and NH4+ concentrations for high P fertiliser intensity 

areas (0.004 mg L-1, 0.009 mg L-1, and 0.009 mg L-1 respectively) were greater than the 

concentrations for low P fertiliser intensity zones (0.009 mg L-1, 0.021 mg L-1, and 0.027 mg 

L-1 respectively). 

Alternatively, the associations between SSC and POM contaminants and fertiliser practices 

were not important. While areas with low, moderate, and high fertiliser application had 

statistically different concentrations of SSC and POM (Figure 4.4), the median 

concentrations of these contaminants were greater for moderate fertiliser intensity areas 

(28.8 mg L-1 and 3.6 mg L-1 respectively) than high fertiliser intensity zones (8.2 mg L-1 and 

3.3 mg L-1 respectively) (See Appendix 3). Moreover, the median SSC concentration for 

areas with low fertiliser activity (9.7 mg L-1) was greater than the median concentration for 

high fertiliser intensity zones (8.2 mg L-1). 
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Figure 4.4. The important associations between PO43-, TP, and NH4+ contaminants and 
fertiliser intensity on the study farms, and unimportant associations between POM and SSC 
contaminants and this practice, as defined by the MAs. The Mood Median tests that 
determined the importance of these associations compared the median contaminant 
concentrations of areas with low (< 66 kg ha-1 yr-1), moderate (66 – 121 kg ha-1 yr-1), and 
high fertiliser application (> 122 kg ha-1 yr-1). Each fertiliser intensity classification had a 
sample size of n = 48. All five Mood Median tests had a p value < 0.05, indicating that at 
least one of the classifications had a statistically different contaminant concentration to the 
rest. Classifications that did not have intersecting 95% confidence intervals were 
statistically different. 
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The association between E. coli and stock practices (stock access and intensity) was also 

important. Areas with low, moderate, and high stock impacts had statistically different 

concentrations of E. coli (Figure 4.5). For example, the median E. coli concentration for high 

stock impact zones (1357 CFU/100 mL) was greater than the concentrations for moderate 

(173 CFU/100 mL) or low (73 CFU/100 mL) stock impact areas (See Appendix 3). 

Meanwhile, the associations between PO43- and TP contaminants and stock practices were 

not important. While areas with low, moderate, and high stock impacts had statistically 

different concentrations of PO43- and TP, the median TP concentration for low stock impact 

areas (0.009 mg L-1) was greater than the concentration for moderate stock impact zones 

(0.006 mg L-1). Moreover, median PO43- concentrations for low and moderate stock impact 

zones were the same (0.004 mg L-1). 



 81 

 

Figure 4.5. The important association between E. coli and stock impacts (stock access and 
intensity) on the study farms, and unimportant associations between PO43- and TP 
contaminants and these practices, as defined by the MAs. The Mood Median tests that 
determined the importance of these associations compared the median concentrations of 
areas with low (< 26% paddocks with access and < 11 stock ha-1 yr-1), moderate (26% – 
50% access and 11 – 20 stock ha-1 yr-1), and high (> 50% access and > 20 stock ha-1 yr-1) 
stock impacts. Each stock impact classification had a sample size of n = 48. All three Mood 
Median tests had a p value < 0.05, indicating that at least one of the classifications had a 
statistically different contaminant concentration to the rest. Classifications that did not have 
intersecting 95% confidence intervals were statistically different. 
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Associations were also investigated between SO42- concentrations and farm practices using 

MAs, as the sampling strategy made PCAs inappropriate for this contaminant. Although the 

associations between SO42- and stock (stock intensity and access) and fertiliser (fertiliser 

intensity) practices were not important. Areas with low and high farm impacts (stock and 

fertiliser impacts) had statistically different concentrations of SO42- (See Appendix 3). 

However, the median SO42- concentration was greater for low stock and fertiliser impact 

areas (26.7 mg L-1) than high impact zones (9.4 mg L-1). 

In summary, the associations between PO43-, TP, and NH4+ contaminants and fertiliser 

practices (fertiliser intensity and P fertiliser intensity), and the association between E. coli 

and stock impacts (stock access and intensity) were of greatest importance for the study 

farms, as identified by the MAs. The associations between SSC and POM contaminants and 

fertiliser intensity, PO43- and TP contaminants and stock impacts, and SO42- and stock and 

fertiliser impacts were not important.  

4.2.1.2 Do stock grazing events impact water quality significantly? 
The association between E. coli and stock impacts (identified by the one-year study MAs) 

was investigated, to see whether the association was observed in real-time during a stock 

grazing event on one of the study farms. Turbidity, TN, TP, NO3-, NH4+, PO43-, SO42-, SSC, 

and POM were also examined to see whether any of these contaminants were impacted 

during the grazing event, despite demonstrating unimportant associations with stock 

practices in the one-year analyses. 

Escherichia coli was influenced by a stock grazing event on one of the study farms. 

Concentrations of E. coli were similar at the upstream and downstream sites of the non-

managed BACI pre-grazing (81 and 69 CFU/100 mL medians respectively), though they 

increased considerably downstream (~ 300%) after cattle were introduced (227 CFU/100 

mL median), and remained consistent upstream (70 CFU/100 mL median) (Figure 4.6 & See 

Appendix 3). Downstream E. coli concentrations decreased after the cattle were removed, 

and the two sites returned to pre-experiment levels (95 and 94 CFU/100 mL medians 

respectively). 
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Figure 4.6. The increase in E. coli concentration downstream during the cattle grazing event 
of the non-managed BACI. Included is the ORC E. coli limit for achieving good water quality 
from Schedule 15 of the Water Plan (group 3 – Matukituki River). Source: ORC (2014). 

The SSC and POM contaminants were also influenced by the stock grazing event. 

Concentrations of SS and POM were similar at the upstream and downstream sites of the 

BACI before (17.3 mg L-1 and 15.4 mg L-1 SSC medians respectively, and 2.6 mg L-1 and 

2.0 mg L-1 POM medians) and during the grazing event (11.0 mg L-1 and 13.8 mg L-1 SSC 

medians respectively, and 2.3 mg L-1 and 1.6 mg L-1 POM medians), though they increased 

considerably downstream post-grazing (17.0 mg L-1 SSC median and 2.7 mg L-1 POM 

median) in comparison to upstream levels (9.2 mg L-1 SSC median and 1.3 mg L-1 POM 

median) (Figure 4.7 & See Appendix 3). The trends in SSC and POM were supported by 

turbidity findings for the non-managed BACI; Median turbidity was higher at the 

downstream site after the grazing event (6.7 NTU) in comparison to the upstream site (3.5 

NTU). 
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Figure 4.7. The increase in SSC and POM downstream after the cattle grazing event of the 
non-managed BACI.  

Total phosphorus was another contaminant influenced by the stock grazing event. For 

instance, the median TP concentration at the downstream BACI site was greater after the 

grazing event (0.007 mg L-1) than before the event (0.002 mg L-1) (Figure 4.8 & See 

Appendix 3). Alternatively, TN and NO3- did not increase downstream at any stage of the 

stock grazing event. Total nitrogen was lower at the upstream site before the grazing event 

(0.33 mg L-1) than during grazing (0.39 mg L-1), and the upstream concentration during 

grazing was greater than the downstream concentration (0.27 mg L-1). Similarly, NO3- 

concentrations were higher upstream during (0.29 mg L-1) and after (0.32 mg L-1) the event 

compared to downstream (0.27 mg L-1 and 0.25 mg L-1 respectively). 
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Figure 4.8. The increase in TP downstream of a stock grazing event on one of the study 
farms, and the increase in TN upstream of the event. The Mood Median tests compared the 
pre- (n = 13), during (n = 12), and post-grazing (n = 11) TP concentrations for the 
downstream site of the non-managed BACI, and the pre-, during, and post-grazing TN 
concentrations for the upstream site of the experiment. Both tests had p values < 0.05, 
indicating that at least one of the phases had a statistically different concentration to the 
rest. Phases that did not have intersecting 95% confidence intervals were statistically 
different. 

Additionally, NH4+, PO43- and SO42- did not increase downstream at any stage of the grazing 

event. Orthophosphate concentrations remained statistically similar before, during, and after 

the grazing event at both sites (See Appendix 3). Ammonium was initially elevated at the 

downstream site in comparison to the upstream site (0.041 mg L-1 and 0.025 mg L-1 medians 

respectively), although it decreased incrementally with upstream levels during (0.035 mg L-

1 and 0.036 mg L-1 medians respectively) and post-grazing (0.020 mg L-1 and 0.019 mg L-1 

medians respectively). Alternatively, SO42- concentrations were lower at the downstream 

site than the upstream site pre-grazing (2.88 mg L-1 and 4.52 mg L-1 medians respectively), 

and increased in tandem with upstream concentrations during (4.49 mg L-1 and 6.53 mg L-1 

medians respectively) and post-grazing (6.41 mg L-1 and 6.54 mg L-1 medians respectively). 

However, downstream SO42- concentrations never exceeded upstream levels. 
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In summary, E. coli, SSC, POM, and TP were influenced by a stock grazing event on one of 

the study farms. The association between E. coli and stock impacts identified by the one-

year study was observed in real-time, as E. coli concentrations increased downstream during 

the non-managed BACI grazing event. Important associations were not identified between 

SSC, POM, and TP contaminants and stock impacts in the one-year study, yet concentrations 

of these contaminants increased downstream after the grazing event. Alternatively, TN, NO3-

, NH4+, PO43-, and SO42- were not impacted by the stock grazing event. The TN, NO3-, NH4+, 

PO43-, and SO42- contaminants did not increase downstream at any stage of the event, which 

may explain why they were not associated with stock impacts in the one-year study. 

4.2.2 Was farm water quality impacted by the wetlands or 
rainfall? 

There was not a strong relationship between any contaminants of the study and rainfall, as 

identified by the regression analyses completed for the Antecedent Precipitation and Rainfall 

Intensity Indices (API and RII respectively) (See Appendix 4). The regression analyses 

generated some significant relationships between API/RII and all of the contaminants, 

particularly NO3- for API, and E. coli for the RII. However, none of the contaminants were 

strongly related to API or RII across the majority of sites. Therefore, the regression analyses 

indicated that soil saturation (from prolonged periods of rainfall) and rainfall intensity had 

some influence on in-stream contaminant concentrations for the study farms, although 

rainfall was not the key vector for contaminant mobilisation. However, rainfall may have 

more of an influence on contaminant concentrations than the analyses indicated, as the 

sampling scheme was not designed to target rainfall events, and instead typically targeted 

low flow conditions to mimic compliance situations.  

4.2.2.1 Were contaminants enhanced below the wetlands? 
The Glendhu and constructed wetlands were examined for elevated concentrations of TN, 

NO3-, NH4+, SO42-, POM, and SSC concentrations using MAs, as these were the only 

contaminants identified to have unimportant (TN, NO3-, SO42-, POM, and SSC) or 

uncommon (NH4+) associations with farm practices. Nitrate concentrations were elevated 

below the constructed wetland. The downstream constructed wetland site had the highest 

median NO3- concentration (0.563 mg L-1), which was statistically different to the other site 

concentrations (Figure 4.9 & See Appendix 5). Moreover, the upstream and downstream 
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riparian buffer sites had the next highest median NO3- concentrations (0.286 mg L-1 and 

0.260 mg L-1 respectively), which were statistically different to the other site concentrations 

except those from West Wānaka. 

 

Figure 4.9. The elevated NO3- concentrations at sites below the constructed wetland, as 
demonstrated by the MA. The Mood Median test that compared the median NO3- 
concentration of each site (n = 144) had a p value < 0.05, indicating that at least one of sites 
had a statistically different NO3- concentration to the rest. Sites that did not have intersecting 
95% confidence intervals were statistically different. 

Ammonium and TN concentrations were elevated below the Glendhu wetland. The 

midstream and upstream Glendhu wetland sites had the highest median TN concentrations 

(0.83 mg L-1 and 0.73 mg L-1 respectively), and the midstream concentration was statistically 

different to the other site concentrations (Figure 4.10 & Appendix 5). Additionally, the 

midstream and upstream Glendhu wetland sites had the highest median NH4+ concentrations 

(0.041 mg L-1 and 0.034 mg L-1 respectively) behind the midstream and downstream West 

Wānaka sites (0.057 mg L-1 and 0.053 mg L-1 respectively), and all four locations had 

statistically similar NH4+ concentrations. Furthermore, the median NH4+ concentration at the 

midstream Glendhu wetland site was statistically different to the other site concentrations, 

except for the upstream West Wānaka median. 
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Figure 4.10. The elevated TN and NH4+ concentrations at sites below the Glendhu wetland, 
as demonstrated by the MAs. The Mood Median tests compared the median TN and NH4+ 
concentrations of each site (n = 144). Both tests had a p value < 0.05, indicating that at 
least one of sites had a statistically different contaminant concentration to the rest. Sites that 
did not have intersecting 95% confidence intervals were statistically different. 
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Sulphate, SSC, and POM concentrations were also elevated below the Glendhu wetland. The 

midstream and upstream Glendhu wetland sites had the highest median POM concentrations 

(5.7 mg L-1 and 5.3 mg L-1 respectively), which were statistically different to the other site 

concentrations, except for the downstream West Wānaka, midstream West Wānaka, 

upstream constructed wetland, and downstream Glendhu wetland medians (Figure 4.11 & 

See Appendix 5). The downstream, midstream, and upstream Glendhu wetland sites also 

had the highest SSC concentrations (41.3 mg L-1, 33.7 mg L-1, and 33.1 mg L-1 respectively) 

behind the upstream constructed wetland site (44.2 mg L-1), and all four locations had 

statistically similar SSC concentrations. Moreover, the median SSC concentrations at the 

upstream and downstream Glendhu wetland sites were statistically different to the other site 

concentrations. Additionally, the downstream, midstream, and upstream Glendhu wetland 

sites had the highest median SO42- concentrations (38.7 mg L-1, 28.7 mg L-1, and 26.0 mg L-

1 respectively), which were statistically different to the other site concentrations (Figure 4.12  

& See Appendix 5). 
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Figure 4.11. The elevated POM and SSC concentrations at sites below the Glendhu wetland, 
as demonstrated by the MAs. The Mood Median tests compared the median POM and SSC 
concentrations of each site (n = 144). Both tests had a p value < 0.05, indicating that at 
least one of sites had a statistically different contaminant concentration to the rest. Sites that 
did not have intersecting 95% confidence intervals were statistically different. 
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Figure 4.12. The elevated SO42- concentrations at sites below the Glendhu wetland, as 
demonstrated by the MAs. The Mood Median tests compared the median SO42- 
concentrations of each site (n = 71). The test had a p value < 0.05, indicating that at least 
one of sites had a statistically different SO42- concentration to the rest. Sites that did not have 
intersecting 95% confidence intervals were statistically different. 

In summary, the wetlands enhanced contaminant concentrations on the study farms. 

Elevated concentrations of NO3- were experienced at sites below the constructed wetland, 

and TN, NH4+, SO42-, SSC, and POM concentrations were elevated at sites below the 

Glendhu wetland.  

4.2.2.2 Why was nitrate elevated below the constructed wetland? 
To see whether NO3- concentrations downstream of the constructed wetland were influenced 

by groundwater intrusion, the constructed wetland sites and a natural spring upstream of this 

feature were examined. 

The upstream and downstream constructed wetland sites had considerably different SPC 

readings most months (Figure 4.13). Furthermore, the median SPC concentrations at the two 

sites were statistically different; the median SPC at the upstream constructed wetland site 

(252.3 µs cm-1) was greater than the median SPC at the downstream site (209.3 µs cm-1) 

(Table 4.6).  



 92 

 

Figure 4.13. The monthly SPC at the upstream and downstream constructed wetland sites 
during the one-year study (except for the first sample campaign). 

Table 4.6. The greater SPC at the upstream constructed wetland site compared to the 
downstream constructed wetland site, and the similar temperature readings at both sites, as 
defined by the MAs. The Mann Whitney tests compared the median upstream and 
downstream temperature and SPC of the constructed wetland. Each median has a sample 
size of n = 11. P values < 0.05 are significant, and indicate the upstream and downstream 
medians are statistically different. 

 

The upstream and downstream constructed wetland sites also had considerably different 

temperature readings most months (Figure 4.14). Additionally, the temperature at the 

downstream constructed wetland site remained consistent across the months, while the 

upstream temperature increased in austral summer and decreased in austral winter. However, 

the median temperature at the upstream site (10.1°C) was statistically similar to the median 

temperature at the downstream site (10.1°C) (Table 4.6). 

Variable Upstream median Downstream median P value 

SPC (µs cm-1) 252.3 209.3 0.042 

Temperature (°C) 10.1 10.1 0.970 
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Figure 4.14. The monthly temperature at the upstream and downstream constructed wetland 
sites during the one-year study (except for the first sample campaign) 

The TN concentration was significantly higher at the spring above the constructed wetland 

(0.734 mg L-1 and 11.65 mg L-1) than either the upstream (0.077 mg L-1 and 0.078 mg L-1) 

or downstream (0.600 mg L-1 and 0.640 mg L-1) constructed wetland sites both months 

sampled, particularly in September when the concentration was over 10 mg L-1 greater at the 

spring than the constructed wetland sites (Table 4.7). Similarly, the NO3- concentration at 

the spring (0.724 mg L-1) was substantially greater than the concentrations at the upstream 

(0.001 mg L-1) and downstream (0.578 mg L-1) constructed wetland sites in August. 

However, in September the NO3- concentration of the spring (0.135 mg L-1) was superseded 

by the downstream constructed wetland site (0.469 mg L-1), despite remaining greater than 

the upstream concentration (0.004 mg L-1). The NH4+ concentration at the spring in August 

(0.010 mg L-1) was greater than the upstream constructed wetland concentration (0.006 mg 

L-1) but lower than the downstream concentration (0.018 mg L-1). Yet the NH4+ 

concentration was considerably greater at the spring in September (1.098 mg L-1) than both 

constructed wetland sites (0.002 mg L-1 and 0.021 mg L-1 respectively).  

Additionally, the TN, NO3-, and NH4+ concentrations at the spring were considerably more 

variable each month than the concentrations at either wetland site (Table 4.7). The proportion 

of TN composed of NO3- and NH4+ also varied substantially at the spring each month 

compared to the wetland sites. For instance, in August the TN at the spring was comprised 

almost entirely of NO3-. However, in September NH4+ made a greater contribution to TN 

than NO3-, and organic N comprised the greatest fraction. Alternatively, TN at the upstream 
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constructed wetland site was primarily composed of organic N each month, and the TN of 

the downstream site predominantly consisted of NO3-. 

Table 4.7. The TN, NO3-, and NH4+ concentrations at the spring above the constructed 
wetland, and the upstream and downstream constructed wetland sites for August and 
September 2019. 

 

4.3 How effective are constructed wetlands 
and riparian buffers on high-country 
farms? 

To determine how effectively the constructed wetland and riparian buffer attenuated 

agricultural contaminants on the study farms, four key analyses were conducted, which 

consisted of: 

1. Examining whether the mitigation strategies produced significant reductions in 

contaminant concentrations downstream; 

2. Quantifying the percentage change in water quality downstream of the features; 

3. The effectiveness of the constructed wetland during a stock-grazing event; 

4. The cost-effectiveness of the mitigation strategies per contaminant.  

Contaminant Site August 
concentration 

September 
concentration 

TN (mg L-1) 

 

Spring 
 

0.734 
 

11.65 
Constructed wetland upstream 0.077 0.078 

Constructed wetland downstream 
 

0.600 
 

0.640 
 

NO3- (mg L-1) 

Spring 0.724 0.135 
Constructed wetland upstream 0.001 0.004 

Constructed wetland downstream 
 

0.578 
 

0.469 
 

NH4+ (mg L-1) 

Spring 0.010 1.098 
Constructed wetland upstream 0.006 0.002 

Constructed wetland downstream 
 

0.018 
 

0.021 
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4.3.1 Did the mitigation strategies improve water quality?  
Contaminants either increased downstream or demonstrated no change in concentration for 

the natural gorge and West Wānaka baseline reaches, and the West Wānaka sub-reach. For 

instance, concentrations of TN and NO3- were higher at the downstream site of the natural 

gorge reach (0.124 mg L-1 and 0.092 mg L-1 medians respectively) than the upstream site 

(0.069 mg L-1 and 0.004 mg L-1 medians respectively) (Table 4.8), while the median turbidity 

and TP, NH4+, PO43-, E. coli, SSC, and POM concentrations of the sites were statistically 

similar. Additionally, median turbidity and TN, TP, PO43-, and POM concentrations were 

greater at the downstream site of the West Wānaka reach (e.g., 5.4 NTU and 0.690 mg TN 

L-1) than the upstream site (e.g., 2.8 NTU and 0.300 mg TN L-1). Concentrations of TN were 

also greater at the downstream site of the West Wānaka sub-reach (0.690 mg L-1 median) 

than the upstream site (0.500 mg L-1 median). The remaining contaminants had statistically 

similar median concentrations at the upstream and downstream sites for both West Wānaka 

reaches. 

Alternatively, contaminants either decreased downstream or demonstrated no change in 

concentrations for the Glendhu wetland reach and sub-reach. For example, concentrations 

of TN and NH4+ were higher at the upstream sites of the Glendhu wetland reach (0.728 mg 

L-1 and 0.034 mg L-1 medians respectively) and sub-reach (0.819 mg L-1 and 0.041 mg L-1 

medians respectively) than the shared downstream site for these reaches (0.566 mg L-1 and 

0.012 mg L-1 medians respectively) (Table 4.8). The remaining contaminants had 

statistically similar median concentrations at the upstream and downstream sites for both 

reaches. 
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Table 4.8. The significant changes in contaminants concentrations downstream at each 
baseline reach (and sub-reach), as identified by the MAs. The Mann Whitney tests compared 
the upstream and downstream median turbidity, and TN, TP, NO3-, NH4+, PO43-, E. coli, 
SSC, and POM concentrations for each reach. Each site had a sample size of n = 12 for 
every contaminant tested. Each test had a p value < 0.05, indicating that the median 
upstream and downstream contaminant concentrations were statistically different. TN, TP, 
NO3-, NH4+, PO43-, and POM are in mg L-1, and turbidity is in NTU. 

 

Contaminants demonstrated variable changes in concentration downstream of the 

constructed wetland. For instance, The median turbidity and TP, PO43-, SO42-, E. coli, SSC, 

and POM concentrations at the downstream site (e.g., 6.8 NTU and 0.012 mg TP L-1) were 

lower than the median concentrations at the upstream site (e.g., 19.8 NTU and 0.025 mg TP 

L-1) (Table 4.9). However, the median TN and NO3- concentrations at the downstream site 

(0.590 mg L-1 and 0.563 mg L-1 respectively) were greater than the median concentrations 

at the upstream site (0.140 mg L-1 and 0.004 mg L-1 respectively). Ammonium 

concentrations were statistically similar at both sites (0.012 mg L-1 and 0.011 mg L-1 medians 

respectively).  

Reach Contaminant Upstream median Downstream median P value 

Natural gorge 
reach 

TN 
 

0.069 
 

0.124 
 

0.006 
 

NO3- 0.004 0.092 0.001 

Glendhu wetland 
reach 

TN 
 

0.728 
 

0.566 
 

0.017 
 

NH4+ 0.034 0.012 0.002 

Glendhu wetland 
sub-reach 

TN 
 

0.819 
 

0.566 
 

0.000 
 

NH4+ 0.041 0.012 0.000 

West Wānaka 
reach 

TN 0.300 0.690 0.000 

TP 
 

0.020 
 

0.085 
 

0.001 
 

PO43- 0.008 0.026 0.001 
 

POM 
 

1.9 
 

5.3 
 

0.002 

Turbidity 2.8 5.4 0.010 

 

West Wānaka  
sub-reach 
 

TN 
 

0.500 
 

0.690 
 

0.026 
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Table 4.9. The decrease in turbidity and TP, PO43-, SO42-, E. coli, SSC, and POM 
concentrations downstream of the constructed wetland, the increase in TN and NO3- 
concentrations, and the lack of a change in NH4+, as demonstrated by the MAs. The Mann 
Whitney tests compared the upstream and downstream median contaminants concentrations 
for the constructed wetland reach. Each site had a sample size of n = 12 for every 
contaminant tested, except SO42- which had a sample size of n = 9. Tests with p values < 
0.05 indicated that the median upstream and downstream contaminant concentrations were 
statistically different. 

 
Contaminants also demonstrated variable changes in concentration downstream of the 

riparian buffer. The median SSC concentration was considerably higher at the downstream 

site (20.7 mg L-1) compared to the upstream site (12.9 mg L-1) pre-buffer, though after the 

buffer was installed the median concentration was only marginally greater downstream (8.1 

mg L-1) compared to upstream (7.6 mg L-1) (Table 4.10). Alternatively, the median E. coli 

concentration was lower at the downstream site (118 CFU/100 mL) compared to the 

upstream site (224 CFU/100 mL) pre-buffer, though after the buffer was installed the median 

concentration was greater downstream (156 CFU/100 mL) than upstream (114 CFU/100 

mL). The remaining contaminants demonstrated similar longitudinal patterns in 

concentration pre- and post-buffer. 

  

Contaminant Upstream median Downstream median P value 

TN (mg L-1) 0.140 0.590 0.001 

TP (mg L-1) 0.025 0.012 0.010 

NO3- (mg L-1) 0.004 0.563 0.000 

NH4+ (mg L-1) 0.011 0.012 1.000 

PO43- (mg L-1) 0.010 0.005 0.019 

SO42- (mg L-1) 16.7 8.0 0.000 

E. coli (CFU/100 mL) 2076 531 0.001 

SSC (mg L-1) 44.2 20.7 0.001 

POM (mg L-1) 4.0 2.3 0.010 

Turbidity (NTU) 19.8 6.8 0.005 
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Table 4.10. The lesser increase in SSC concentration downstream of the riparian buffer 
reach post-buffer implementation, the increase in E. coli concentration downstream post-
buffer, and the lack of a change in longitudinal patterns of turbidity and TN, TP, NO3-, NH4+, 
PO43-, and POM concentrations, as demonstrated by the non-statistical comparisons. The 
non-statistical tests compared the upstream and downstream concentrations of these 
contaminants for the pre- (n = 6) and post-buffer (n = 6) phases of the Riparian Buffer 
Reach. 

 

Overall, contaminant concentrations typically increased downstream or remained similar for 

the baseline (non-managed) reaches. The baseline sub-reaches demonstrated few changes in 

contaminant concentrations downstream. In contrast, the constructed wetland reach showed 

reductions in turbidity and TP, PO43-, E. coli, SSC, and POM concentrations downstream. 

Total N and NO3- concentrations increased downstream of the constructed wetland, as 

previously described in Section 4.2.2.1. The riparian buffer reach demonstrated a reduction 

in the longitudinal increase of SSC downstream post-buffer. However, a transition from 

Contaminant Period Upstream median Downstream median 

TN (mg L-1) 
Pre-buffer 0.420 0.360 
Post-buffer 0.290 0.300 

TP (mg L-1) 
Pre-buffer 0.014 0.011 
Post-buffer 0.005 0.004 

NO3- (mg L-1) 
Pre-buffer 0.286 0.269 
Post-buffer 0.285 0.259 

NH4+ (mg L-1) 
Pre-buffer 0.005 0.004 
Post-buffer 0.009 0.007 

PO43- (mg L-1) 
Pre-buffer 0.004 0.005 
Post-buffer 0.003 0.003 

E. coli (CFU/100 mL) 
Pre-buffer 224 118 
Post-buffer 114 157 

SSC (mg L-1) 
Pre-buffer 12.9 20.7 
Post-buffer 7.6 8.1 

POM (mg L-1) 
Pre-buffer 1.4 2.0 
Post-buffer 1.0 1.3 

Turbidity (NTU) 
Pre-buffer 5.1 7.7 
Post-buffer 3.0 2.3 
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longitudinal reductions in E. coli concentrations downstream to a longitudinal increase in 

this contaminant post-buffer was observed. 

4.3.2 How well did the mitigation strategies improve water 
quality? 

Concentrations of E. coli, POM, and turbidity were strongly attenuated by the constructed 

wetland during the one-year study (60%, 55%, and 50% mean attenuation respectively), and 

reduced by over 50% at the wetlands outflow (Figure 4.15). Concentrations of SO42-, SSC, 

PO43-, and TP were moderately attenuated by the wetland (43%, 42%, 41%, and 36% mean 

attenuation respectively), and NH4+ experienced variable attenuation. For instance, while the 

wetland reduced NH4+ by 8% on average at the outflow, the 95% confidence interval for 

mean NH4+ attenuation had a negative lower limb. Additionally, NO3- and TN concentrations 

were strongly enhanced below the constructed wetland (98% and 65% mean increases 

respectively). 

 

Figure 4.15. The strong attenuation of E. coli, POM, and turbidity by the constructed 
wetland, the moderate attenuation of SO42-, SSC, PO43-, and TP, the variable attenuation of 
NH4+, and the strong enhancement of TN and NO3- below the feature. Annotated are the 
95% Confidence Intervals for the mean attenuation percentages. 
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The riparian buffer strip demonstrated variable changes in the mean attenuation of 

contaminants post-buffer implementation. The net attenuation of TN, E. coli, POM, and 

NO3- contaminants decreased post-buffer (-23%, -19%, -13%, -2% changes in mean 

attenuation respectively), while the net attenuation of turbidity, PO43-, SSC, TP, and NH4+ 

increased (+16%, +7%, +6%, +5%, +1% changes in mean attenuation respectively) (Figure 

4.16). However, the 95% confidence intervals for mean TN, TP, NO3-, NH4+, PO43+, E. coli, 

SSC, POM, and turbidity attenuation pre-buffer implementation intersected with the paired 

post-buffer attenuation confidence intervals, indicating the net changes in attenuation (and 

water quality) were not significant.  

 

Figure 4.16. The insignificant change in attenuation of all contaminants for the riparian 
buffer post-implementation. Annotated are the 95% Confidence Intervals for the mean 
attenuation percentages. 

4.3.3 Was the constructed wetland effective during a stock 
grazing event? 

The attenuation capabilities of the constructed wetland were investigated, to see whether the 

feature continued to attenuate contaminants during a stock grazing event. The constructed 

wetland appeared to continue mitigating NH4+, PO43-, SO42-, and POM contaminants 

effectively during the BACI grazing event. For instance, median NH4+, PO43-, SO42-, and 

POM concentrations at the downstream constructed wetland site did not change considerably 
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after a herd of sheep were introduced upstream (-10% – 15% increases) (Table 4.11). 

However, the wetlands ability to attenuate TN, TP, NO3-, E. coli, and SSC contaminants 

appeared to decrease during the sheep grazing event. The median turbidity and TN, TP, NO3-

, E. coli, and SSC concentrations at the downstream constructed wetland site during the 

grazing event (e.g.,11.9 NTU and 1.020 mg TN L-1) were greater than the median 

concentrations pre-grazing (e.g., 7.2 NTU and 0.780 mg TN L-1), and demonstrated 21% – 

67% increases in concentration. 

Table 4.11. The lack of change in median NH4+, PO43-, SO42-, and POM concentrations at 
the downstream constructed wetland site during the BACI sheep grazing event upstream, 
and the increase in median turbidity and median TN, TP, NO3-, E. coli, and SSC 
concentrations at this site during the event. The pre-grazing TN, TP, NO3-, PO43- and 
turbidity medians had a sample size of n = 18, and the during grazing medians had a sample 
size of n = 7. The pre-grazing NH4+, SO42- and E. coli medians had a sample size of n = 3, 
and the during medians had a sample size of n = 2. The pre-grazing POM and SSC medians 
had a sample size of n = 4, and the during medians had a sample size of n = 2. 

The increases in turbidity and TP and E. coli concentrations at the downstream constructed 

wetland site during the BACI sheep grazing event (compared to pre-grazing) were also 

illustrated by graphical analyses. For example, turbidity and E. coli concentrations increased 

considerably seven and eight hours after the grazing event commenced respectively (478% 

Contaminant Pre-grazing median 
concentration 

During grazing median 
concentration 

Change in 
attenuation 

TN (mg L-1) 0.780 1.020 -24% 

TP (mg L-1) 0.005 0.013 -62% 

NO3- (mg L-1) 0.540 0.760 -29% 

NH4+ (mg L-1) 0.032 0.036 -11% 

PO43- (mg L-1) 0.005 0.006 -15% 

SO42- (mg L-1) 7.7 6.9 10% 

E. coli (CFU/100 mL) 150 459 -67% 

SSC (mg L-1) 15.5 19.5 -21% 

POM (mg L-1) 1.06 1.04 2% 

Turbidity (NTU) 7.2 11.9 -40% 
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and 380% increases in concentration respectively), while TP concentrations increased just 

two hours after sheep were introduced upstream (2,800% increase) (Figure 4.17). 

Furthermore, the graphs demonstrated that NH4+, SO42-, and POM concentrations did not 

increase at the downstream site during grazing, in support of the initial findings (Figure 

4.18).  

 

Figure 4.17. The increase in TP, PO43-, E. coli, and turbidity at the downstream constructed 
wetland site during the BACI sheep grazing event. 

 

Figure 4.18. The lack of change in NH4+, SO42-, and POM concentrations at the downstream 
constructed wetland site during the BACI sheep grazing event. 
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However, an increase in PO43- at the downstream constructed wetland site during the sheep 

grazing event was demonstrated by the graphs, which opposed the initial findings. The PO43- 

concentration increased considerably two hours after the grazing event commenced (2,840% 

increase) (Figure 4.17). Moreover, the graphs demonstrated that TN, NO3-, and SSC 

concentrations did not increase at the downstream site during grazing (Figure 4.18). For 

example, the highest TN and NO3- concentrations below the constructed wetland during the 

experiment were experienced two and three hours prior to the grazing event respectively 

(2.125 mg L-1 and 0.811 mg L-1 respectively) (Figure 4.19). Therefore, the greater median 

concentrations of these contaminants during grazing (compared to pre-grazing) may have 

been produced by an alternative contaminant source (Table 4.11).  

 

Figure 4.19. The lack of change in TN, NO3-, and SSC concentrations at the downstream 
constructed wetland site during the BACI sheep grazing event. 

Overall, the constructed wetland BACI, like the non-managed paddock experiment, 

demonstrated an increase in turbidity and TP and E. coli concentrations downstream 

following a stock grazing event, and no change in TN, NO3-, NH4+, and SO42- concentrations 

(Table 4.12). However, the constructed wetland experiment indicated that PO43- increased 

downstream following the grazing event, while the non-managed BACI illustrated no change 

in PO43- concentration. Additionally, the non-managed paddock experiment demonstrated 

an increase in SSC and POM concentrations downstream following grazing, while the 

constructed wetland experiment illustrated no changes in these contaminant concentrations. 
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Table 4.12. The similarities and differences between the constructed wetland and non-
managed BACIs with respect to changes in downstream contaminant concentrations during 
or after the respective grazing events. 

 

4.3.4 Were the mitigation strategies cost-effective? 
The riparian buffer did not attenuate any key agricultural contaminants during the study 

period (See Section 4.3.2). Therefore, cost-effective analyses could not be conducted for this 

feature. Additionally, the constructed wetland failed to attenuate TN and NO3- 

concentrations, so cost-effective analyses were not conducted for these contaminants.  

The constructed wetland was very cost-effective at attenuating turbidity ($0.00017 10 NTU-

1 ha-1 yr-1) and E. coli ($0.000019 1000 CFU-1 ha-1 yr-1). The annual cost of attenuating 10 

NTU of turbidity and 1000 CFU of E. coli was less than one cent (Table 4.13). The 

constructed wetland was also cost-effective at attenuating SSC ($0.092 kg-1 ha-1 yr-1), SO42- 

($0.33 kg-1 ha-1 yr-1), and POM ($1.2 kg-1 ha-1 yr-1). The annual cost of attenuating 1 kg of 

these contaminants was close to one dollar. However, the constructed wetland was 

considerably less cost-effective at attenuating NH4+ ($656 kg-1 ha-1 yr-1), PO43- ($466 kg-1 

ha-1 yr-1), and TP ($99 kg-1 ha-1 yr-1) (Table 4.13). The cost of attenuating 1 kg of these 

contaminants was over $90 annually. 

  

Contaminants Similarities Differences 

TP, E. coli, and 
turbidity 

Increased in both 
experiments. - 

SSC and POM - 
Increased in the non-managed stream 

experiment. No change for the  
constructed wetland. 

PO4
3- - Increased for the constructed wetland.  

No change for the non-managed stream. 

TN, NO3
-, NH4

+, and 
SO4

2- 

 

No change in both 
experiments. - 
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Table 4.13. The cost-effectiveness of the constructed wetland for attenuating turbidity and 
TP, NH4+, PO43-, SO42-, E. coli, SSC, and POM contaminants, for the four cost scenarios. 
See Section 3.4.3 for a description of the differences between the cost scenarios. Funding 
was not supplied for the construction of the wetland, hence, why there are no cost-effective 
analyses for the ‘actual cost & funding’ scenario. 

 

Contaminant Scenario Cost-effectiveness 

TP 

Actual cost & funding - 
Actual cost & no funding $99 kg-1 ha-1 yr-1 

Likely cost & funding $81 kg-1 ha-1 yr-1 
Likely cost & no funding 

 
$93 kg-1 ha-1 yr-1 

 

NH4+ 

Actual cost & funding - 
Actual cost & no funding $656 kg-1 ha-1 yr-1 

Likely cost & funding $536 kg-1 ha-1 yr-1 
Likely cost & no funding 

 
$619 kg-1 ha-1 yr-1 

 

PO43- 

Actual cost & funding - 
Actual cost & no funding $446 kg-1 ha-1 yr-1 

Likely cost & funding $364 kg-1 ha-1 yr-1 
Likely cost & no funding 

 
$421 kg-1 ha-1 yr-1 

 

SO42- 

Actual cost & funding - 
Actual cost & no funding $0.33 kg-1 ha-1 yr-1 

Likely cost & funding $0.27 kg-1 ha-1 yr-1 

Likely cost & no funding 
 

$0.31 kg-1 ha-1 yr-1
 

E. coli 

Actual cost & funding - 
Actual cost & no funding $0.00002 1000 CFU-1 ha-1 yr-1 

Likely cost & funding $0.000016 1000 CFU-1 ha-1 yr-1 
Likely cost & no funding 

 
$0.000019 1000 CFU-1 ha-1 yr-1 

 

SSC 

Actual cost & funding - 
Actual cost & no funding $0.092 kg-1 ha-1 yr-1 

Likely cost & funding $0.075 kg-1 ha-1 yr-1 

Likely cost & no funding 
 

$0.087 kg-1 ha-1 yr-1 
 

 

POM 

Actual cost & funding - 
Actual cost & no funding $1.2 kg-1 ha-1 yr-1 

Likely cost & funding $0.97 kg-1 ha-1 yr-1 
Likely cost & no funding 

 
$1.1 kg-1 ha-1 yr-1 

 

Turbidity 

Actual cost & funding - 
Actual cost & no funding $0.00017 10 NTU-1 ha-1 yr-1 

Likely cost & funding $0.00014 10 NTU-1 ha-1 yr-1 
Likely cost & no funding 

 
$0.00016 10 NTU-1 ha-1 yr-1 
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Overall, the constructed wetland was very cost-effective for all contaminants of the study 

except TN, TP, NO3-, PO43-, and NH4+. Similar features installed on high-country farms in 

Wānaka and the rest of New Zealand are likely to be even more cost-effective at attenuating 

freshwater contaminants, particularly if funding is available (Table 4.13). 
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Chapter Five 

5  Discussion 
High-country farm streams are evidently prospective farming areas that need mitigation to 

improve freshwater quality. The previous chapter has shown the range of nutrients present 

in high-country waterways, and their potential to be remediated through different attenuation 

techniques. The focus of this chapter is to consider the implications of these results and 

frame them to local and international studies. This chapter is divided into thematic sections 

that address the research questions. Section 5.1 discusses the need for mitigation strategies 

on high-country farms, and the value of WQIs as a tool for identifying and monitoring water 

quality degradation. The following section (5.2) considers the effectiveness (and 

appropriateness) of constructed wetlands and riparian buffers and the implications for 

freshwater management in New Zealand. Lastly, the final section (5.3) identifies the 

limitations of this study and recommends the future direction opportunities that will advance 

the understanding of solutions for improving freshwater quality on high-country stations 

nationally. 

5.1 The need for mitigation strategies on high-
country farms 

5.1.1 Water quality of two farms near Wānaka 
High-country farming has largely been unchallenged in New Zealand regarding its potential 

impacts on water quality, given its generally low stocking rates, per unit land. However, it 

is evident from this study that water quality of the farm streams was impacted below 

agricultural activity. It is important to note, however, that the three streams were selected to 

represent sites near more challenged management situations (i.e., critical source areas), and 

do not necessarily reflect the ‘overall’ water quality of the study farms. For instance, the 

water quality for sites near challenged farm management situations was considerably worse 

than the quality of a natural (unimpacted by agriculture) reach (Figure 5.1; See Section 4.1). 
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Water quality of the natural stream was rated as ‘fair’, while the average water quality of 

sites near challenged management situations was ‘marginal’, an entire rank lower. Thus, the 

decline in water quality rating for sites near challenged management situations indicated that 

agricultural practices degraded the freshwater quality of the study farm streams significantly 

(e.g., ORC, 2012). 

 

Figure 5.1. The natural reach of the study during the November 2018 sample campaign. 
Photograph supplied by Chris Arbuckle. 

Overall, the water quality of the study farm streams was considered impacted for a broad 

spectrum of contaminants. For example, the WQIs used nitrogen (NO3- and NH4+), 

phosphorus (PO43-), sediment (turbidity), and microbial contaminant (E. coli) concentrations 

that may have originated from livestock waste and fertiliser runoff, sediment from eroded 

banks and paddocks, and microbial contaminants from stock faeces (Parkyn et al., 2003; 

NIWA, 2007; Davies-Colley, 2013). 

Water quality indices generated for sites using the WQI2 guidelines (alternative limits) are 

most appropriate for high-country farm streams near Wānaka. Water quality of the natural 

site should rank as ‘fair’ because the reach was unimpacted by agricultural activity. 

Moreover, the WQI2 limits were satisfied in more than 80% of samples collected at the 

natural site during below median flow conditions (for all five contaminants), which is 
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representative of the ORC’s baseline for good water quality (excluding the five-year rolling 

average component) (ORC, 2014; See Section 4.1). The WQI1 guidelines (conventional 

limits) were satisfied in less than 80% of samples collected at this site during low flow 

conditions for NH4+, E. coli, and turbidity, indicating the water quality here requires action 

by ORC standards, which seems discordant with the pristine high-country waterways (ORC, 

2014). Regular exceedances of the WQI1 NH4+, E. coli, and turbidity limits at the natural 

site explain why the water quality here was rated ‘poor’ by WQI1, despite being a pristine 

high-country reach. 

Consequently, water quality limits used by WQI1 were poorly calibrated for the high-country 

farm streams near Wānaka, particularly for NH4+, E. coli, and sediment (turbidity) 

contaminants. The conventional ORC guidelines are not fit for purpose when applied to 

small, low-order streams, because they were designed for the Matukituki River (ORC, 2017). 

The Matukituki is a large, high stream ordered, meandering river, with substantially more 

discharge than small high-country farm streams in the Wānaka catchment (See Section 

3.1.1.1). Furthermore, small rainfall events in the headwaters of the catchment are likely to 

influence high-country farm streams, yet they may not have a measurable impact on the 

Matukituki River due to its size, or the impact could be delayed due to throughflow and 

runoff residence times (e.g., Asano & Uchida, 2018). For example, high-country farm 

streams will have a much shorter response time during precipitation events, and the 

Matukituki may continue to reflect below median flow conditions.  

Farm streams in the Wānaka catchment are susceptible to ‘spikes’ in contaminant 

concentrations at times when the Matukituki River reflects below median flow conditions. 

Contaminants may be mobilised by small precipitation events (via throughflow or runoff 

pathways) (Elsenbeer et al., 1994; Sorbotten et al., 2017) that frequent the headwaters, as 

the catchment is situated in the lee of the Southern Alps and receives intense and frequent 

orographic rainfall from the prevailing westerly winds (Salinger et al., 1995; Hughey & 

Becken, 2014). Even a small amount of freshwater pollution can produce high 

concentrations of contaminants in farm streams due to the low volume of water (comparative 

to the Matukituki).  
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The pristine stream reach was particularly susceptible to spikes in sediment (turbidity), 

NH4+, and E. coli concentrations, but not NO3- or PO43-. For example, natural background 

levels of NH4+ may be produced from decomposing plants and organic matter, and organic 

matter is known to be higher in low-order streams (NIWA, 2007; Bright & Mager, 2016). 

Similarly, E. coli comes from the faeces of wild animals (i.e., goats and ducks) so headwater 

catchments under indigenous forestry with expansive populations of wild animals will 

naturally produce a high background E. coli concentration that is not associated to animal 

husbandry or agricultural intensification (MFE, 2003). Lastly, sediment flux from steep 

headwater catchments, with high rainfall, as well as susceptible soil types naturally have a 

higher discharge of particulate material to low ordered streams (Hicks et al., 1996; Bright & 

Mager, 2016; LCR, 2019a). Thus, in the context of high-country stations, which may have 

headwater streams perched in conservation estate, or steep headwater catchments with little 

to no agricultural use, traditional metrics of water quality may not adequately capture natural 

‘background’ levels of E. coli, sediment, or NH4+. Rather, the indicators that are most attuned 

to determining the effects of agricultural intensification are NO3- and PO43- sources in the 

catchment, particularly in PO43- concentrations, as there are few natural sources for these 

nutrients in South Island of New Zealand soils (and underlying lithologies) (MFE, 2010b). 

5.1.2 General trends in high-country water quality 
Several studies indicate that high-country farm practices are degrading the freshwater quality 

of the Lake Wānaka catchment (Diack, 2015; ORC, 2017; LCR 2019, Pers. Comm., 1 

November). The ORC (2017) found that the Matukituki River failed to reach good water 

quality status in NH4+ and E. coli parameters for below agricultural land use from 2012 to 

2017, and Lake Wānaka, the receiving water body, exceeded its TP threshold. Diack (2015) 

illustrated that turbidity and NO3- and NH4+ concentrations for the Matukituki were greater 

downstream of high-country farms compared to a headwater reach between 2012 and 2015. 

Moreover, LCR 2019 (Pers. Comm., 1 November) found in 2012 that of 15 high-country 

farm streams in the Wānaka catchment, four had median E. coli and NO3- concentrations in 

exceedance of water quality limits, two had median NH4+ concentrations that exceeded the 

limit, and one stream exceeded median turbidity and PO43- concentration guidelines. 

However, the previous studies did not investigate the impact of high-country agriculture on 

stream water quality for the Wānaka catchment as comprehensively as this study. For 

example, Diack (2015) did not investigate as many agricultural contaminants, and 
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consequently, provided a narrower representation of overall water quality (Table 5.1). Fewer 

sites were sampled by the Diack (2015) and ORC (2017) studies, so the findings were less 

representative of stream water quality for the catchment as a whole (e.g., McDowell et al., 

2013). The ORC (2017) and LCR 2019 (Pers. Comm., 1 November) studies did not compare 

the water quality of streams from natural and agricultural land uses to identify the magnitude 

of freshwater quality degradation. And LCR 2019 (Pers. Comm., 1 November) did not 

account for seasonality variations in water quality which are important for deducing the 

average quality of a stream (e.g., Wilcock et al., 2013a), as the study was only conducted for 

three months (February – April 2012). 

Table 5.1. The components of the ORC (2017), Diack (2015), and LCR 2019 (Pers. Comm., 
1 November) studies that made the research more or less comprehensive than this study, 
with reference to investigating the impact of high-country agriculture on stream water 
quality for the Lake Wānaka catchment. 

 
 
The findings of this thesis have therefore identified that: 

1. Farm practices are enhancing a wide variety of agricultural contaminant 

concentrations and degrading the overall water quality of streams in the Wānaka 

catchment; 

2. Overall stream water quality has degraded on multiple farms in the catchment, and 

at several locations within each property. 

Previous studies Disadvantages over this study Advantages over this study 

ORC 

 

• Sampled less sites 
 

• No land use comparison 
 

• No use of WQIs 
 

• Longer study 

Diack 

 

• Sampled less sites 
 

• Investigated less contaminants 
 

• No use of WQIs 
 

• Longer study 

LCR 
 

 

• No land use comparison 
 

• Shorter study 
 

• No use of WQIs 
 

• Sampled more sites 
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These findings align with national trends in freshwater quality (Davies-Colley & Wilcock, 

2004; Davies-Colley, 2013; MFE & Stats NZ, 2019). Regional case studies that have 

compared the overall quality of freshwater bodies in natural and pastoral landcovers, using 

WQIs, demonstrate similar trends in water quality. For instance, the ORC (2012) found that 

of the freshwater monitoring sites with a very good WQI rating in Otago, 47% were situated 

downstream of agricultural land use and 53% were of natural land use. However, of the sites 

with a fair or poor WQI rating in Otago, 75% were impacted by agriculture, and none were 

of natural land use (ORC, 2012). 

5.1.3 Implications for freshwater management 
Considering freshwater quality has shown to degrade below high-country farm practices on 

the study farms, and throughout New Zealand, management or mitigation to improve water 

quality is required. ‘Business as usual’ could lead to a slow and continued degradation of 

water quality for the receiving water body, Lake Wānaka. Under regional water plans it is 

imperative for farmers that any property runoff does not exceed regional water quality limits. 

Environmental regulation continues to evolve in New Zealand with growing social and 

political pressures, as exemplified by the recently proposed National Environmental 

Standards for Freshwater, and draft amendments to the National Policy Statement for 

Freshwater Management (NPS-FM 2019). The newly drafted NPS-FM 2019 gives councils 

a stronger mandate to remedy instances of poor water quality or its deterioration. To reverse 

instances of water quality deterioration, councils must prepare a regulatory action plan with 

stakeholders, and regularly review its progress (NZ Government, 2019b), with the potential 

for annual reviews in water quality targets. 

In light of these changes, it is essential that the rules in place by regional authorities reflect 

natural catchment conditions and do not create undue burden on land users to meet 

unrealistic targets for the specific environment. In this case study, it may be that the ORC 

water quality limits for water group three need to be adjusted to reflect the high flux of 

sediment and E. coli that occurs in headwater catchments, as these guidelines were regularly 

exceeded by a pristine stream during low flow conditions (See Section 5.1.1). Although it 

should be noted that the ORC’s proposed paddock discharge thresholds (Schedule 16 of the 

ORC Water Plan) for the catchment (area two catchments group), to be enforced in 2020, 

appear adequate for farm streams (ORC, 2014). The paddock discharge thresholds are 

similar (or more relaxed) to the WQI2 guidelines used in the study (Table 5.2), so natural 



 113 

streams in the catchment should satisfy the proposed limits consistently. However, the 

paddock discharge thresholds are a ‘last resort’ mechanism to improve the freshwater quality 

of farm streams and invoke regulatory measures (i.e., fines) (ORC, 2014). Perhaps 

freshwater management trigger values that are more aligned with the natural quality of farm 

streams are needed in the Wānaka catchment and other regions of New Zealand with similar 

management limitations. 

Table 5.2. The similarity between the ORC proposed paddock discharge thresholds and the 
alternative WQI limits of the study. The proposed paddock discharge thresholds are from 
Schedule 16 of the ORC Water Plan (area two catchments – Lake Wānaka catchment), and 
the alternative WQI limits are based on the ORC’s alternative WQI guidelines for Otago 
(specifically the short accrual limits). Sources: ORC (2012) and ORC (2014). 

To improve freshwater quality on high-country farms in New Zealand, the management or 

‘deintensification’ of farm practice is currently not viable as a stand-alone approach, mostly 

due to market pressures and issues with subsidies (e.g., Ballingall & Lattimore, 2004; PCE, 

2004). Rather, mitigation strategies are needed to attenuate a range of agricultural 

contaminants, particularly in the high-country. Constructed wetlands and riparian buffer 

strips are promising mitigation strategies as they attenuate a wide variety of key 

contaminants compared to other approaches, most notably sediment, NO3-, and TP (Dykes, 

2013; McDowell et al., 2013). 

 

 
Contaminant 

 
Paddock discharge thresholds 

 
Alternative WQI limits 

NH4+ (mg L-1) 0.2 0.1 

E. coli (CFU/100 mL) 550 126 

Turbidity (NTU) - 5 

PO43- (mg L-1) 0.035 0.026 

NO3- (mg L-1) 1.000 0.444 
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Mitigation strategies are needed on high-country farms in catchments with receiving water 

bodies of good quality. For instance, the water quality of Lake Wānaka is rated very good 

(ORC, 2012), yet the high-country farm streams of the catchment are impacted by 

agricultural activity (See Section 5.1.2). The freshwater quality of Lake Wānaka is slowly 

deteriorating with the constant pressures of intensified land use (agriculture and 

urbanisation). For example, turbidity increased significantly (> 1% year-1) from 2001 to 2011 

(ORC, 2012). Therefore, high-country catchments with water bodies of exceptional quality 

(i.e., Lake Wānaka) must be monitored and managed, to ensure freshwater ecosystems do 

not reach a tipping point of no return (NZ Government, 2019b). High quality water bodies 

should arguably receive the most freshwater management resources, as significantly 

degraded lakes and rivers may never return to ecological equilibrium, even after a significant 

shift in water chemistry (Mao & Richards, 2012). 

The study highlighted the importance of WQIs for future freshwater management in New 

Zealand. Water quality indices are useful tools for monitoring temporal changes in the 

overall freshwater quality for a site, and spatial differences in overall quality between sites, 

particularly when contaminant concentrations respond variably in direction (i.e., increases 

and decreases in contaminants) and magnitude over time/space (Gitau et al., 2016). 

Consequently, WQIs allow users to clearly articulate the cumulative influence of land use 

impacts on freshwater quality (Gitau et al., 2016). Water quality indices are only going to 

become more important for freshwater management in the future, as they convert complex 

water quality data into information that informs policymakers and the public (NIWA, 2010). 

5.2 Evaluating the efficacy of mitigation 
strategies on high-country farms 

5.2.1 Sources of contaminants 
Intensive stock activities, specifically high stocking rates and stock access to streams, were 

the primary sources of E. coli on two high-country farms near Wānaka (Figure 5.2; Table 

5.3; See Section 4.2). Total phosphorus, PO43-, SSC, and POM (and turbidity) were also 

enhanced below stock grazing events, as demonstrated by the BACI experiments. Yet the 

key source of TP and PO43- contaminants on the farms was high fertiliser application, 

particularly P fertiliser. Particulate organic matter and SSC were enhanced most below the 
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Glendhu wetland, along with TN, NH4+, and SO42-; and NO3- concentrations were highest 

below the constructed wetland. All major agricultural practices were correlated on the farms; 

paddocks with a high stocking rate tended to have stock access to waterways, high 

application of fertiliser, high quality pasture, supplementary stock feed (bailage), and were 

typically cultivated. So critical source areas had a variety of elevated contaminants of concern 

(as highlighted by Section 5.1.1). However, it is important to note that while the stations had 

some intensively farmed paddocks, these zones only covered a small percentage of the 

overall farm area (i.e., lowland zones). Rolling hill and high-country management zones 

occupied the majority of the farms and supported low to moderate intensity farm practice 

(i.e., sheep grazing, no to low fertiliser application, grass pastures, and no tillage or direct 

drilling). 

Table 5.3. The key contaminant sources of the study farms for the one-year study. 

Deducing the key contaminant sources on high-country farms near Wānaka, and whether 

they reflect national findings is important, as no studies of this nature have been conducted 

previously in the Lake Wānaka catchment. Links between stock and fertiliser impacts and 

water quality are generally observed across New Zealand. Stock are a key source of E. coli, 

TN, NO3-, NH4+, SSC, and POM on New Zealand farms, and fertilisers can be a source of 

TP, PO43-, and SO42- (WHO, 2004; Davies-Colley, 2013; NIWA, 2018; MFE & Stats NZ, 

2019). The farm practices that were correlated on high-country farms near Wānaka (e.g., 

 Contaminant source Contaminant 

Farm practices 

Fertiliser application 
(P fertiliser) 

PO4
3- 

 

TP 

Stock impacts 
(access and intensity) E. coli 

 
Wetlands 

Glendhu wetland 

TN 
NH4

+ 

SO4
2- 

SSC 
POM 

Constructed wetland NO3
- 
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Figure 5.3) were also identified to be linked on other pastoral farms in New Zealand (TRC, 

2009; MFE & Stats NZ, 2019). 

 

Figure 5.2. Beef cattle being break-fence fed in the riparian buffer strip paddock (July 2019). 

Yet stock and fertiliser impacts did not appear to have the greatest influence on TN, NO3-, 

NH4+, SO42-, SSC, and POM for high-country farms near Wānaka (See Section 4.2). Stock 

may influence NO3- and NH4+ contaminants less on high-country farms near Wānaka 

compared to lowland pastoral farms in New Zealand, as beef cattle and sheep are the 

dominant stock (Figure 5.2; See Section 3.1.1.2). Dairy cattle excrete more effluent with a 

higher nitrogen concentration than beef cattle and sheep (MFE, 2018). Furthermore, any 

associations between stock and fertiliser impacts and TN, NO3-, NH4+, SSC, POM, and SO42- 

may have been masked during the study, as these contaminants were all strongly enhanced 

below wetlands. 
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Figure 5.3. Supplementary feeding (hay) of beef cattle in the paddock upstream of the 
constructed wetland (August 2019). Also featured is a fodder beat paddock to the right. 

5.2.1.1 The influence of wetlands on water quality 
Links between wetlands and elevated contaminant levels have also been reported by other 

New Zealand studies (e.g., NIWA, 2011). While constructed wetlands typically reduce NO3- 

levels downstream (Dykes, 2013), and natural wetlands generally attenuate N, SO42-, and 

sediment effectively (NIWA, 2007; McDowell et al., 2013; Wilcock et al., 2013a; Kill et 

al., 2018; Uuemaa et al., 2018), both wetland types can stop attenuating these contaminants, 

or even enhance concentrations, if the features are poorly maintained (Tanner et al., 2005; 

NIWA, 2011; Chen et al., 2012; Uuemaa et al., 2018). For effective management, wetlands 

need to be cleared of sediment and decaying plant matter (key sources of N, SO4-, and 

sediment) every few years to ensure they continue attenuating contaminants effectively 

(NIWA, 1997; Opus, 2010). 

Some contaminants were enhanced below a natural wetland on a high-country farm near 

Wānaka, which may be attributed to wetland mismanagement (See Section 4.2.2.1). For 

instance, POM and SSC were enhanced below the wetland (Figure 5.4), perhaps because the 

feature was old and sediment ‘choked’ from years of attenuation and inadequate 

maintenance. Repetitive seasonal plant growth and die-back can also build a substantial pool 



 118 

of organic matter (POM) in unmanaged wetlands (Bowden, 1987). Meanwhile, SO42- and 

NH4+ (and subsequently TN) were enhanced below the wetland, possibly because the feature 

favoured mineralisation and dissimilatory nitrate reduction processes (See Section 2.1.1). 

The wetland may have favoured mineralisation due to the large pool of organic matter, as 

mineralising bacteria consume organic S and N and excrete SO42- and NH4+ respectively 

(Robinson et al., 1989; Zhou et al., 1999). Moreover, the predominantly anaerobic wetland 

soils likely favoured dissimilatory nitrate reduction, and the conversion of NO3- to NH4+ 

(Bowden, 1987). The wetlands contaminant pool was repetitively disturbed and remobilised 

downstream, possibly due to elevated flows during rainfall events and bed disturbances 

created by the large duck population here (e.g., Bowden, 1987; McKergow & Davies-Colley, 

2010). 

 

Figure 5.4. The high sediment and organic matter load of the stream bed at the Glendhu 
wetland outlet (March 2019). 

Wetland mismanagement, however, does not explain why NO3- levels were enhanced below 

a constructed wetland on a high-country farm near Wānaka, as other contaminants typically 

associated with poor maintenance (SSC and POM) were not elevated here (See Section 

4.2.2.1). Nor is it likely that high NO3- levels below the wetland originated from a reduction 

in attenuation capabilities (i.e., plant assimilation and denitrification). Wetland plants can 
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become saturated with contaminants, particularly when they are immature, as young plants 

have a lesser capacity to assimilate plant available nutrients (Tanner et al., 2005; NIWA, 

2007). Yet the constructed wetland attenuated PO43- and SO42- effectively (See Section 

5.2.2.1). Additionally, POM levels were low at the wetland outlet, and bacteria require 

organic matter to attenuate NO3- via the process of denitrification (McDowell et al., 2013). 

However, the substantially higher NO3- concentration at the wetland outlet compared to the 

inlet cannot be explained by a lack of denitrification alone. 

Nitrate could be elevated downstream of the constructed wetland due to the intrusion of a 

groundwater source. For instance, the one-year specific electrical conductance (SPC) records 

for the upstream and downstream constructed wetland sites were different, indicating that 

another source of water may have intercepted the wetland before the outflow (Meyerhoff et 

al., 2014; See Section 4.2.2.2). The water temperatures for the constructed wetland also 

suggest that a groundwater source may have intercepted the wetland. The temperature at the 

wetland inlet increased in austral summer and decreased in austral winter, as surface water 

is susceptible to seasonal fluctuations in temperature due to atmospheric exposure (e.g., 

Whiteley & Taylor, 1993). Meanwhile, the temperature at the wetland outlet remained 

consistent year-round, and is more consistent with a groundwater origin since groundwater 

is less susceptible to variations in temperature seasonally (Kaandorp et al., 2019). 

The natural spring (that was sampled upstream of the constructed wetland) may have 

elevated NO3- levels in the constructed wetland (Figure 5.5). For instance, TN concentrations 

were considerably greater at the natural spring (0.734 mg L-1 and 11.65 mg L-1) than the 

wetland inlet (0.077 mg L-1 and 0.078 mg L-1) and outlet (0.600 mg L-1 and 0.640 mg L-1), 

demonstrating that the spring may potentially discharge a large source of N for the wetland 

(See Section 4.2.2.2). When NO3- was the greatest fraction of TN at the spring (i.e., in 

August), any spring water entering the wetland could have elevated NO3- concentrations at 

the outlet directly. Alternatively, when TN was primarily comprised of ON in the spring 

(i.e., September), any spring water entering the wetland could have lost N readily from 

suspension, as the feature was effective at attenuating POM (See Section 4.3.2). If ON was 

deposited it may have been mineralised by bacteria to NH4+ then converted to NO3- by 

nitrification due to the increased interaction time with the wetland (e.g., Robinson et al., 

1989; Schimel & Bennett, 2004). The wetland may have expelled NO3- as plant assimilation 

and denitrification processes became saturated (e.g., Hanson et al., 1994). 
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Figure 5.5. The natural spring upstream of the constructed wetland of the study (October 
2018). Photograph supplied by Chris Arbuckle. 

There are two probable explanations for the high N levels of the natural spring; Historical 

leaching of agricultural NO3-, and duck excrement. The spring is fenced from stock impacts, 

and it is unlikely that runoff containing N from farm activities will breach the water body, 

as the stream entering the wetland intercepts the majority of nearby runoff. There is a large 

duck population at the spring, so avian excrement could enhance levels of ON and perhaps 

NH4+ here (e.g., MFE, 2009). Ducks have been identified as a large source of agricultural 

contaminants in other New Zealand studies (e.g., EW, 2010; Muirhead et al., 2011). 

Additionally, historical farm leachate may be an important source of N for the spring. The 

spring is groundwater-fed, and nitrate from farm practices may have slowly accumulated in 

the shallow groundwater over time via leaching pathways (Dymond et al., 2013). Nitrogen 

contaminants in the spring might intercept the constructed wetland via two flow pathways. 

All forms of N may enter the wetland by runoff (Collins et al., 2007; Environment 

Southland, 2015); runoff could be generated during rainfall events if the spring was to 

overflow. Moreover, NO3- and NH4+ may enter the wetland via a consistent throughflow 

pathway (Dymond et al., 2013). 
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5.2.2 A constructed wetland and riparian buffer near 
Wānaka 

Non-managed streams on high-country farms near Wānaka either demonstrated no change 

in freshwater quality downstream or a longitudinal reduction in water quality. Total N and 

NO3- increased downstream for the natural gorge reach of the study, TN, TP, PO43-, POM 

(and turbidity) increased downstream of the West Wānaka reach, and the West Wānaka sub-

reach demonstrated a longitudinal increase in TN (See Section 4.3.1). Total N and NH4+ 

decreased downstream for the Glendhu wetland reach and sub-reach, but this water body 

was not representative of a typical non-managed agricultural stream; The Glendhu (natural) 

wetland enhanced concentrations of contaminants at the upstream sample site, perhaps due 

to wetland mismanagement (See Section 5.2.1.1). Large non-managed stream sections 

demonstrated greater reductions in longitudinal water quality than sub-reaches, which 

typically illustrated no change in water quality downstream. Perhaps because large reaches 

have a greater rain basin, and therefore, are exposed to more contaminant sources (e.g., MFE 

& Stats NZ, 2019). Mitigation strategies occupied small stream sections on the farms, much 

like the non-managed stream sub-reaches. Consequently, for mitigation strategies to 

demonstrate longitudinal improvements in freshwater quality, reductions in contaminant 

concentrations must be observed downstream.  

5.2.2.1 Constructed wetland efficacy 
The constructed wetland improved freshwater quality (See Section 4.3.2). The wetland 

appeared to be most effective at slowing surface runoff and encouraging deposition (NIWA, 

2007), as it reduced sediment (42 – 55% reduction) and E. coli (60% reduction) 

concentrations best. E. coli can become adsorbed to sediment particles (LCR, 2019b; Wu et 

al., 2019), which may explain why this bacterial contaminant was effectively attenuated by 

the wetland (Muirhead et al., 2006). The constructed wetland was moderately effective at 

attenuating P (36 – 41% reduction) and SO42- (43% reduction). Plant assimilation may yet 

improve for the constructed wetland as the feature is still relatively immature (five years old) 

(e.g., Tanner et al., 2005; NIWA, 2007). Additionally, while PO43-, like E. coli, can become 

adsorbed to soil particles (e.g., Leinweber et al., 2002), perhaps the wetland chemistry was 

not favourable of this process. Orthophosphate adsorption is controlled strongly by pH 

conditions, which are highly variable in wetland environments (Baldwin et al., 2002; Mayes 

et al., 2009).  
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The constructed wetland was more effective at attenuating E. coli, sediment (SSC and POM), 

TP, and PO43- than similar features in New Zealand (Table 5.4), perhaps because wetlands 

experience less contaminant loading in the high-country. For example, lowland sheep, beef, 

and dairy farms produce greater contaminant losses to freshwater than high-country sheep 

and beef farms (Monaghan et al., 2010b; McDowell et al., 2013). Consequently, the 

attenuation capabilities for constructed wetlands are less likely to become overwhelmed in 

the high-country. Especially for P contaminants, as plant assimilation and microbial cycling 

processes are slow (NIWA, 2007), and may become saturated more readily than attenuation 

processes for particulate contaminants (i.e., deposition) (e.g., Vymazal, 2007). 

Table 5.4. Comparison of constructed wetland efficacy between the study wetland and 
similar features on lowland pastoral farms in New Zealand. The percentage reductions in 
E. coli, sediment (POM and SSC combined for the study wetland), TP, PO43-, TN, and NO3- 
concentrations were compared. Negative attenuation percentages indicate a contaminant 
was enhanced below the wetland. The Wairarapa wetland and South Otago wetland 
efficacies were obtained from Dykes (2013) and Praat et al. (2015) respectively. 

 
The constructed wetland demonstrated a comparable NH4+ efficacy (no reduction) to similar 

features on lowland pastoral farms in New Zealand, but lower TN (65% increase) and NO3- 

(98% increase) efficacies (Table 5.4). Although the N attenuation capabilities of the feature 

might have been misrepresented due to the discharge of a natural spring enhancing N 

concentrations in the wetland and groundwater return-flow effects were not quantified by 

the study (See Section 5.2.1.1). Consequently, the feature might have attenuated TN, NO3-, 

and NH4+ more effectively than the study suggested. The constructed wetland may also be 

Contaminant Study constructed 
wetland 

Lowland wetlands 
in NZ 

Location 

E. coli 60% -85% Wairarapa 

Sediment 42 – 55% -98% South Otago 

TP 36% 25% South Otago 

PO43- 41% 0% South Otago 

TN -65% 0 – 7% South Otago  
and Wairarapa 

NO3- -98% 50 – 63% South Otago  
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more effective at attenuating N contaminants than similar features in lowland environments, 

as wetlands experience less contaminant loading in the high-country (Monaghan et al., 

2010b; McDowell et al., 2013). As a result, mitigation processes such as denitrification and 

plant assimilation are less likely to become saturated. 

The attenuation capabilities of the constructed wetland performed variably during a stock 

grazing event upstream. The wetland appeared to attenuate SSC and POM well during the 

event, although the ability of the feature to attenuate turbidity, TP, PO43-, and E. coli looked 

to decline. These contaminants (and turbidity) increased downstream of a non-managed 

reach following a cattle grazing event (See Sections 4.2.1.2 & 5.2.1), as they are important 

products of stock impacts (Figure 5.6; Quinn et al., 1997; McDowell et al., 2003; Parkyn et 

al., 2003; NIWA, 2018; MFE & Stats NZ, 2019). Turbidity, TP, PO43-, and E. coli also 

increased downstream of the constructed wetland following a large sheep grazing event, 

although SSC and POM concentrations did not (See Section 4.3.3). The findings indicate 

that the wetland’s ability to deposit particulate contaminants from suspension was not 

overwhelmed by the event, despite the increased contaminant load. Yet the feature may have 

been less effective at attenuating dissolved and microbial contaminants during the grazing 

event. 

 

Figure 5.6. Cattle in the non-managed reach BACI experiment (April 2019). 
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The constructed wetland was less effective at attenuating dissolved contaminants during 

baseline conditions, so, understandably, the feature could not assimilate a large pulse of 

PO43-. E. coli was attenuated effectively during baseline conditions, yet the increased load 

of this contaminant during the grazing event may have exceeded the rate at which bacteria 

were adsorbed to sediment particles. It is unconventional that turbidity increased below the 

constructed wetland during the grazing event considering SSC and POM did not. Although 

turbidity readings can be elevated by organic acids in water, particularly for turbidimeters 

with a wavelength of spectral peak response between 400 – 600 nm, such as the Hach 2100p 

portable turbidimeter used in the study (Bright et al., 2018; See Section 3.3.5). Organic acids 

are a product of stock excrement (e.g., Barot & Bagla, 2009), so a pulse of these compounds 

during the grazing event may have enhanced turbidity readings downstream of the 

constructed wetland. 

The constructed wetland was also cost-effective at attenuating most agricultural 

contaminants. The feature was very cost-effective for turbidity ($0.00017 10 NTU-1 ha-1 yr-

1), E. coli ($0.000019 1000 CFU-1 ha-1 yr-1), and SO42- ($0.33 kg-1 ha-1 yr-1), which is 

understandable considering the wetland was most effective at attenuating these contaminants 

(See Sections 4.3.4). The constructed wetland was also considerably more cost-effective at 

attenuating sediment ($1.30 kg-1 ha-1 yr-1) and P contaminants ($99 kg-1 ha-1 yr-1) than 

wetlands on lowland farms in New Zealand ($70 kg-1 ha-1 yr-1 and $38,500 kg-1 ha-1 yr-1 

respectively) (Table 5.5). The constructed wetland of the study appeared to be less cost-

effective for nitrogen ($656 NH4+ kg-1 ha-1 yr-1) than lowland features ($130 TN kg-1 ha-1 yr-

1). However, the constructed wetland may be more cost-effective for NH4+ than the study 

indicated, as the N attenuation capabilities of the feature were likely misrepresented. 

Wetlands are also inherently less cost-effective for NH4+ than TN. For example, NH4+ 

attenuation accumulates more annual maintenance costs because it takes a wetland longer to 

attenuate a kilogram of NH4+ than the equivalent of TN (as TN concentrations are always 

greater). Perhaps the constructed wetland was more cost-effective than wetlands on lowland 

farms because high-country features have lower maintenance costs. High-country wetlands 

may not need to be cleared of sediment and decaying plant matter as frequently as lowland 

features to remain effective (e.g., NIWA, 1997; Opus, 2010), as constructed wetlands 

experience less contaminant loading in high-country environments (Monaghan et al., 2010b; 

McDowell et al., 2013).  
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Table 5.5. The greater cost-effectiveness of the study constructed wetland and constructed 
wetlands on high-country farms (estimated with funding), compared to similar features in 
lowland environments of New Zealand for nitrogen, phosphorus, and sediment 
contaminants. Also included is the average cost-effectiveness of riparian buffers on lowland 
pastoral farms in New Zealand, which are more cost-effective at attenuating nitrogen and 
phosphorus than constructed wetlands in similar environments. Nitrogen is in TN, except 
for the high-country farms which are in NH4+, phosphorus is in TP, and sediment is a 
combination of SSC and POM. The cost-effectiveness of all contaminants are in $ Kg-1 ha-1 
yr-1. Sources: Opus (2010), MPI (2012), and McDowell et al. (2013). 

 

Constructed wetlands on other high-country farms in the Wānaka catchment, and within 

New Zealand, are likely to be even more cost-effective for agricultural contaminants, 

particularly if funding is sought (Table 5.5). The constructed wetland of the study had some 

considerable implementation costs that most high-country farmers would not have to bear. 

For instance, several large willows had to be excavated to establish the wetland, which cost 

$13,000. Most high-country farmers should only expect to pay up to $2,000 in excavation 

expenses for a similar sized feature (e.g., Praat et al., 2015; ISU, 2016). 

5.2.2.2 Riparian buffer efficacy 
The riparian buffer did not improve water quality during the study timeframe (See Section 

4.3.2), likely because it was immature (Figure 5.7). The buffer only had six months to grow 

during the study, so the plants were not fully developed to assimilate dissolved N and P 

effectively or filtrate particulate contaminants (e.g., Parkyn et al., 2003; McDowell et al., 

2013). Riparian buffers can also experience a lag in sediment attenuation from bank 

destabilisation produced during the implementation process (Parkyn et al., 2003). For 

Feature Environment Nitrogen Phosphorus Sediment 

Constructed 
wetland  

Study  
(high-country farm) $656  $99 $1.30 

High-country farms $536  $81 $1.08 

Lowland farms $130 
($39 – $202) 

$38,500 
($16,500 – $144,000) 

$70 
($5 – $135) 

Riparian 
buffer Lowland farms $78 

 
$108 

($54 – $162) 
$79 

($40 - $158) 
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instance, before the riparian buffer of the study could be established, willow trees had to be 

excavated from the stream section. Willow tree removal may have enhanced bank scouring 

and collapse, as willows stabilise stream banks with a large root network (LCR, 2008). An 

enhanced source of sediment for the reach could have masked any small changes in 

particulate contaminant concentrations attributed to riparian buffer attenuation. It will take 

time for the riparian buffer plants to grow and re-stabilise the stream banks, and for the 

attenuation of contaminants to be observed. 

 

Figure 5.7. The immature riparian buffer plants (six months old) during the last sample 
campaign (September 2019). 

Riparian buffer strips have been moderately effective strategies for attenuating sediment 

(37%) and P (6%) contaminants on lowland pastoral farms in New Zealand (Parkyn et al., 

2003; Gourley & Weaver, 2012; McDowell et al., 2013). Although riparian buffers have 

demonstrated variable attenuation of TN and have enhanced E. coli in some circumstances 

(Parkyn et al., 2003; Gourley & Weaver, 2012). While the riparian buffer of the study did 

not attenuate any contaminants effectively due to its immaturity, developed riparian buffers 

may be more effective at improving water quality on high-country farms than lowland 

environments in New Zealand. Riparian buffers on high-country farms are less likely to 

become undermined and lose efficacy than lowland features (e.g., McDowell et al., 2013; 

Muirhead, 2013), as streams experience less contaminant loading here (Monaghan et al., 
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2010b; McDowell et al., 2013). Furthermore, while the variable climate (cold winters, dry 

summers) of high-country regions can restrict plant growth and assimilation (Wildland 

Consultants, 2008), native plants can be used in riparian buffers which are more resilient to 

local conditions (e.g., NIWA, 2006). 

Riparian buffers may also be more cost-effective on high-country farms than in lowland 

environments of New Zealand. Riparian buffers are cost-effective at attenuating N ($78       

kg-1 ha-1 yr-1), sediment ($79 kg-1 ha-1 yr-1), and P ($108 kg-1 ha-1 yr-1) on lowland pastoral 

farms (Table 5.5). Yet riparian buffers could potentially be even more cost-effective on high-

country farms which experience less contaminant loading (Monaghan et al., 2010b; 

McDowell et al., 2013), as they would not need to be cleared of sediment as frequently (e.g., 

Agouridis et al., 2005; Praat et al., 2015). 

5.2.3 The importance of constructed wetlands and riparian 
buffers 

Constructed wetlands and riparian buffer strips are important freshwater management 

strategies for high-country farms in New Zealand. Based on the results of this thesis, 

constructed wetlands and riparian buffers may be as or more effective (and cost-effective) 

at attenuating agricultural contaminants in the high-country than on lowland farms (Figure 

5.8; See Sections 5.2.2.1 & 5.2.2.2). Constructed wetlands and riparian buffers are also 

appropriate for the freshwater management requirements of high-country farms, as 

contaminants from stock and fertiliser practices are of major concern (MFE & Stats NZ, 

2019; NIWA, 2018; See Section 5.2.1). Both strategies reduce E. coli, sediment, and N 

contaminants by excluding stock from waterways, and thus, prevent bank collapse and direct 

stock excretion impacts (McDowell et al., 2003; Parkyn et al., 2003; Parkyn & Wilcock, 

2004; NIWA, 2007). Additionally, constructed wetlands and riparian buffers are effective at 

attenuating E. coli, sediment, N, P, and S from adjacent paddocks, promoting the deposition 

and infiltration of contaminants before they reach streams (Leustek & Saito, 1999; Ritter & 

Bergstrom, 2001; Leinweber et al., 2002; NIWA, 2007; McDowell et al., 2013; Muirhead, 

2013; Environment Southland, 2015). Moreover, both strategies filter throughflow which 

can carry dissolved N, P, and S from fertilised paddocks (NIWA, 2007; McDowell et al., 

2013).  
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Constructed wetlands and riparian buffers are particularly suitable for high-country farms in 

New Zealand considering intensive stock and fertiliser practices often co-exist (MFE & Stats 

NZ, 2019), making these strategies an all-in-one approach for improving freshwater quality. 

Therefore, the increased application of these mitigation strategies on high-country farms 

should be a key priority for freshwater management in future. Riparian buffer strips may be 

more suitable for situations in need of a low-cost strategy than constructed wetlands. 

Constructed wetlands are more expensive to install and maintain than riparian buffers 

(Figure 5.8; McDowell et al., 2013), and they occupy a greater area of productive farmland 

which can incur secondary expenses for land holders (e.g., Praat et al., 2015). Yet 

constructed wetlands may be more suitable for situations of high in-stream pollution (i.e., 

from upstream land use), as riparian buffers cannot attenuate these contaminants (Parkyn et 

al., 2003). 

However, the study indicated that constructed wetlands and riparian buffers can experience 

limitations, some specific to the high-country (Figure 5.8). The following sections will 

investigate the potential shortcomings for constructed wetland and riparian buffer 

performance on high-country farms and the implications for freshwater management and 

policy in New Zealand. 

5.2.3.1 Constructed wetland limitations 
Wetland maintenance is key to the efficacy of these features (NIWA, 1997; Opus, 2010), as 

demonstrated by a natural wetland near Wānaka, which had elevated TN, NH4+, SO42-, SSC 

and POM levels downstream (See Section 5.2.1.1). Improved management of the natural 

wetland, such as the removal of sediment and decaying plant matter, would likely reduce 

contaminant concentrations at the outflow, as these contaminant sources were repetitively 

disturbed and remobilised. However, the natural wetland of the study is a protected DOC 

reserve meaning it cannot be managed, as wetland disturbance can adversely impact 

freshwater invertebrates and plant species (Polasky et al., 2012). This predicament highlights 

the contention between conservation and freshwater quality values in wetland environments, 

as the two interests are not always aligned (e.g., Polasky et al., 2012). Therefore, while 

wetlands must be managed to remain effective, maintenance may be difficult to implement 

in high-country regions of New Zealand such as the Lake Wānaka catchment (Figure 5.8), 

which are highly valued environments with numerous competing interest groups and land 

uses (See Section 1). As such, constructed wetlands may be suitable for fewer situations/sites 
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in the high-country compared to lowland farms. For instance, constructed wetlands are 

expensive strategies (McDowell et al., 2013), and most funding initiatives have biodiversity 

requirements (ARGOS, 2006), so some high-country farmers may experience difficulty in 

implementing these features effectively. Although constructed wetlands (and riparian 

buffers) are still likely to be the most appropriate strategy for improving freshwater quality 

on high-country farms, as other strategies are either ineffective or impractical in this 

environment (See Section 2.3). 

Sediment removal appears to be particularly important for constructed wetlands in the high-

country. The constructed wetland of the study demonstrated that similar features on high-

country farms in New Zealand are likely to be most effective at attenuating particulate 

contaminants, through deposition and storage (NIWA, 2007; See Section 5.2.2.1). 

Subsequently, constructed wetlands will accumulate a large pool of sediment (relative to 

other contaminants), and if the features are not cleared of this contaminant source they will 

experience sediment disturbance and remobilisation, much like the natural wetland of the 

study (e.g., Bowden, 1987; McKergow & Davies-Colley, 2010). High-country wetlands may 

require excavation less frequently than similar features on lowland farms considering they 

experience lesser contaminant loading (e.g., Monaghan et al., 2010b; McDowell et al., 

2013). Yet it is still important that constructed wetlands on high-country farms are cleared, 

especially considering the dynamic environments of these regions (e.g., Bayer, 2013; 

Hughey & Becken, 2014), which may produce more flow events inducive of sediment 

remobilisation (e.g., Bowden, 1987). 

The study also introduces a paradox for freshwater management. Farmers can implement 

constructed wetlands to improve water quality, yet unknowingly introduce a completely new 

(avian) contaminant source to their waterways, which they have no control over (Figure 5.8). 

If these contaminant sources are not identified and quantified they may reflect poorly on 

farm practice and constructed wetland efficacy, which could demotivate mitigation strategy 

implementation at the grassroots level (Monaghan et al., 2010a). Bacterial source tracking 

methods could help dissociate avian faecal contaminants from livestock contributions (e.g., 

EPA, 2002; Guan et al., 2002). 

 



 130 

The variable attenuation of the constructed wetland during a stock grazing event provided 

some useful insights for freshwater monitoring and regulation in New Zealand. Most studies 

examining the effectiveness of constructed wetlands monitor the long-term attenuation of 

features on a fortnightly or monthly basis (e.g., Forbes et al., 2011; Nagels et al., 2014; Praat 

et al., 2015). Yet such sample strategies only provide a small snapshot of the attenuation 

capabilities and dynamics of a wetland. While a constructed wetland may mitigate 

contaminants well on average, it is important to investigate how the attenuation capabilities 

of a feature are affected by stressors such as rainfall and large stock grazing events. The 

variable attenuation of constructed wetlands can have implications for freshwater 

management, specifically state of the environment monitoring frameworks. 

A freshwater monitoring scheme may considerably overestimate the average contaminant 

concentrations for a high-country stream managed by a constructed wetland if it has not 

accounted for attenuation variability. Councils monitor freshwater bodies during low flows 

(e.g., NIWA, 2013; ORC, 2017), allowing them to replicate average water quality conditions 

and avoid sampling elevated contaminant concentrations associated with rainfall events (and 

the attenuation variability rainfall can produce for strategies) (e.g., Bowden, 1987; 

Environment Southland, 2015). To replicate average water quality, perhaps monitoring 

schemes also need to target typical agricultural conditions or cross-examine exceedances 

with current farm practice to determine the nature of the breach (i.e., temporary – associated 

with attenuation variability, or regular exceedance). Accounting for average agricultural 

conditions in monitoring frameworks would be particularly useful for instances where water 

quality is assessed for audit/regulation purposes, to ensure fair outcomes are achieved for 

landholders. It has been recognised that monitoring average water quality conditions (i.e., 

low flows) does not account for major flushes in contaminant concentrations, so perhaps 

‘staggered’ water quality limits are needed for a greater variety of flow and agricultural 

conditions (e.g., NZPI, 2014). 

Since constructed wetlands can experiences lapses in attenuation (Figure 5.8), multiple 

strategies must be implemented on any one farm stream to improve freshwater quality. No 

single mitigation feature can effectively decrease the losses of all contaminants at all times, 

though managing a stream with multiple strategies can help to reduce the contaminant 

loading of downstream features (Monaghan et al., 2010b). Features with lower contaminant 

loads are less susceptible to inundation (See Section 5.2.2). Moreover, if the attenuation 
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capabilities of a single mitigation strategy are overwhelmed during a rainfall or stock grazing 

event, contaminant concentrations are more likely to be attenuated or reduced before the 

farm boundary if additional in-stream strategies (i.e., wetlands) are present. 

5.2.3.2 Riparian buffer limitations 
The performance of the riparian buffer strip had implications for freshwater policy. As 

discussed, the riparian buffer was too immature to improve freshwater quality, as it takes 

time for these features to develop and attenuate agricultural contaminants effectively (Figure 

5.8; Parkyn et al., 2003). Especially in high-country regions like Wānaka, which experience 

variable and extreme climate conditions (cold winters, dry summers) that can restrict plant 

growth (Wildland Consultants, 2008). While native plants can be used in riparian buffers 

which are more resistant to local conditions (e.g., NIWA, 2006), it is still likely to take plants 

longer to develop in high-country environments. Therefore, it is important that freshwater 

reforms, like the NPS-FM (2019), recognise the lag in maturity of riparian buffers and 

mitigation strategies in general when setting water quality goals (and associated completion 

dates) (NZPI, 2014), and how lag times can vary between farming regions. 

Mitigation strategies must be implemented promptly to improve the quality of freshwater 

bodies before they reach a tipping point, considering mitigation strategies take time to 

perform optimally (NZ Government, 2019b). Currently, the main platform for encouraging 

the uptake of mitigation strategies is regulation. For instance, regional councils set 

compliance limits for water quality (NZ Government, 2017), which force farmers to find 

ways to reduce their environmental footprint (e.g., NZIER, 2014). Incidentally, farmers may 

implement mitigation strategies to improve water quality. However, the approach does not 

facilitate farmers to select the most appropriate or effective mitigation strategies for their 

particular situation, nor does it ensure features are constructed to best-practice specifications 

(e.g., NIWA, 2013). Catchment groups are a promising alternative for improving the 

effective uptake of mitigation features. Catchment groups can promote collective action 

among farmers through peer motivation and improve access to best-practice information for 

farmers, by balancing the cost of hiring experts to advise critical source areas and appropriate 

mitigation strategies (Jöborn et al., 2005; Lundqvist, 2010). Although the sustainability of 

catchment groups relies on strong leaders and effective collaboration with councils 

(Lundqvist, 2010). 
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Figure 5.8. The key findings of the study with respect to the three research questions. 
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5.3 Limitations and future directions 
Three key limitations were identified with the current study, all pertaining to sampling 

strategy: 

1. The duration and consistency of the sample strategies used to monitor the BACI 

experiments;  

2. The design of the sampling strategy used to monitor the effectiveness of the 

constructed wetland; 

3. The duration of the sampling strategy for monitoring the efficacy of the riparian 

buffer. 

The BACI experiments would have benefited from consistent and more sustained stock 

impacts. Both experiments were to use the same stock impact for a longer period of time 

equivalent to nine cattle at a large experimental stocking rate (i.e., 1,200 stock ha-1), grazing 

for 24 hours. However, during the non-managed reach experiment the cattle broke through 

a permanent fence 12 hours into the grazing period (See Section 3.2.2). Alternatively, for 

the constructed wetland experiment the lag-time of the wetland (42 hours) was 

underestimated by a preliminary stage investigation. As a result, the sampling scheme (24 

hours) was too short to monitor the impact of the cattle on water quality downstream of the 

constructed wetland, so a previous sheep grazing event in the paddock above the wetland 

was investigated (approximately 12 stock ha-1 for 7 hours).  

The experiments would have benefited from consistent stock grazing events, as trends in 

contaminant concentrations could have been compared statistically between the BACIs 

(Smokorowski et al., 2017), allowing for a more comprehensive analysis of wetland 

efficacy. The experiments may also have benefited from more sustained grazing events, as 

contaminants from stock can take time to accumulate before noticeable changes in water 

quality are observed (NIWA, 2007). Perhaps future studies need to use permanent deer 

fencing to ensure stock are contained. However, this would induce a considerable cost and 

likely interfere with future agricultural practice, highlighting the difficulty of completing 

such studies in dynamic farm environments. It is important to research this topic further in 
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New Zealand, as the variable attenuation of mitigation strategies can have implications for 

freshwater policy and monitoring. 

The sampling strategy used to monitor the effectiveness of the constructed wetland had 

limitations. The strategy did not account for the full range of inputs to the wetland system, 

specifically N contributions from a natural spring. The contaminant source was only 

identified near the end of the study after water quality samples from the spring were analysed 

for TN, NO3-, and NH4+. To identify the true attenuation capabilities of the wetland, the input 

of the natural spring needs to be quantified. The findings of this study have found that 

constructed wetlands appear to be very effective in high-country farms, more so than on 

lowland pastoral farms, although longer-term studies are needed. 

Another limitation of this study is the duration of field-sampling, which was limited to 1-

year to fit within the thesis time frame.  Further work should consider the effects over multi-

year scales, particularly since the riparian buffer was quite immature, and the constructed 

wetland may not be at peak attenuation after 5 years of establishment (Tanner et al., 2005; 

NIWA, 2007). Future studies should be directed to two one-year periods, a year before the 

implementation of the feature, and five years (or more) post-application to maximise time 

and cost constraints (e.g., van der Grift et al., 2012). Equivalent schemes will demonstrate 

improvements in water quality attributed to mitigation in a cost-effective manner, while 

accounting for seasonal variability (e.g., Wilcock et al., 2013a). Riparian buffer efficacy on 

high-country farms in New Zealand must be researched further, as the strategy may be more 

effective in the high-country than lowland environments. Moreover, going by patterns for 

lowland pastoral farms, riparian buffers may be more cost-effective than constructed 

wetlands in the high-country (Table 5.5). 

This chapter demonstrated the need for mitigation strategies to improve water quality on 

high-country farms in New Zealand, and the value of WQIs as a tool for identifying 

freshwater deterioration under agricultural land use (See Section 5.1). Constructed wetlands 

and riparian buffers are effective and appropriate mitigation strategies for high-country 

farms, yet these features can experience limitations in the high-country (See Section 5.2). 

The following chapter will summarise the key findings of the thesis and state the outcomes 

of the research questions.  



 135 

   Chapter Six 

6 Conclusion 
Freshwater quality was shown to be impacted below areas of agricultural activity and for 

receiving water bodies on high-country farms near Wānaka. Hence, the study satisfied the 

first research question, by indicating why mitigation strategies are needed on high-country 

farms to improve water quality. Water quality indices were useful for monitoring the effect 

of high-country agriculture on water quality and will be important tools for freshwater 

management in the future, as they can convert complex water quality data into information 

that informs policymakers and the public. Regional water quality limits were not optimised 

for high-country farm streams in the Lake Wānaka catchment, as identified by the water 

quality indices. It is essential that water quality limits appointed by regional authorities 

reflect natural catchment conditions and do not create undue burden on land users to meet 

unrealistic targets for the specific environment. 

The constructed wetland of the study attenuated E. coli and particulate organic matter 

strongly (60%, 50% reductions), and sulphate, suspended sediment, orthophosphate, and 

total phosphorus moderately (43%, 42%, 41%, and 36% reductions) during baseflow 

conditions. The wetland was also cost-effective for these contaminants ($0.33 – $99 kg ha-1 

yr-1, and $0.000019 1000 CFU-1 ha-1 yr-1 for E. coli). Ammonium experienced variable 

attenuation while nitrate and total nitrogen increased below the wetland (98% and 65% 

increases), likely due to the intrusion of groundwater, and not a reduction in attenuation. The 

riparian buffer was too immature (six months old) to attenuate contaminants effectively 

within the study timeframe. Although, based on the results of this thesis, riparian buffers are 

likely to be effective mitigation strategies for high-country farms, as the constructed wetland 

of the study attenuated agricultural contaminants well (and cost-effectively), if not better 

than in other environments (with the exception of nitrate) because mitigation features 

experience less contaminant loading in the high-country. Thus, in accordance with the third 

research question, the study identified that constructed wetlands and riparian buffers are 

likely to be very effective mitigation strategies for high-country farms. 
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Stock were key sources of E. coli and fertiliser was a key source of total phosphorus and 

orthophosphate contaminants for two high-country farms near Wānaka. Constructed 

wetlands and riparian buffers can attenuate E. coli and phosphorus generated by stock and 

fertiliser practices, and intercept hydrological pathways key to the transfer of these 

contaminants. Therefore, with respect to the second research question, the study indicated 

that constructed wetlands and riparian buffers are appropriate for the freshwater 

management requirements of high-country farms. Riparian buffer strips may be more 

suitable for situations in need of a low-cost strategy, while constructed wetlands will be more 

appropriate for instances of high in-stream pollution (i.e., from upstream land use). 

However, these strategies can experience limitations, some specific to the high-country. 

Maintenance, particularly sediment removal, is key to the efficacy of high-country wetlands. 

Although it may be difficult to maintain constructed wetlands on some high-country farms 

due to competing land uses e.g., conservation. Freshwater quality and biodiversity outcomes 

typically align, yet wetland management can produce discrepancies between these interests. 

Wetlands must be excavated to avoid sediment remobilisation, but in doing so the 

disturbance can adversely impact freshwater invertebrates and plant species. Considering 

constructed wetlands are expensive strategies, and most funding initiatives have biodiversity 

requirements, some high-country farmers may experience difficulty in implementing these 

features effectively. 

Constructed wetlands can attract an avian contaminant source that may reflect poorly on 

farm practice and the efficacy of these features. It is important to identify and quantify avian 

contaminant contributions using bacterial source tracking methods to ensure farmers remain 

motivated to implement mitigation strategies. The study also indicated that constructed 

wetlands may attenuate contaminants variably when they are exposed to large stressors such 

as rainfall and stock grazing events. Notably, E. coli, total phosphorus, and orthophosphate 

increased below the constructed wetland following 70 sheep grazing upstream (67%, 62%, 

and 15% increases), although particulate organic matter and suspended sediment 

concentrations did not increase downstream. Multiple strategies must be implemented on 

any one farm stream to improve water quality and manage instances of wetland inundation 

(i.e., capture contaminant pulses downstream). Moreover, freshwater monitoring schemes 

may need to target typical agricultural conditions to replicate average water quality. 
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Especially when water quality is assessed for regulatory purposes, to ensure fair outcomes 

are achieved for landholders. 

Riparian buffers take a long time to reach maturation and attenuate agricultural contaminants 

effectively, particularly in high-country regions that experience variable and extreme climate 

conditions, which can restrict plant growth. Freshwater policy must account for the 

attenuation lag of mitigation strategies, like riparian buffers, when setting water quality goals 

(and associated completion dates), especially for high-country regions. Furthermore, 

mitigation strategies must be implemented promptly to improve the quality of freshwater 

bodies before they reach a tipping point. Catchment groups are a promising approach for 

improving the uptake of mitigation features, as they promote collective action among 

farmers through peer motivation and information sharing. 

Despite these limitations, constructed wetlands and riparian buffers are likely the most 

appropriate and effective strategies for improving freshwater quality on high-country farms, 

as other mitigation strategies are either impractical, or ineffective, in this environment. To 

ensure constructed wetlands and riparian buffers are effective in the high-country, they need 

to be implemented with caution and regularly maintained. Moreover, several of these 

features must be established for any one stream to manage instances of wetland inundation. 

Constructed wetlands and riparian buffers are important mitigation strategies for high-

country farms in New Zealand, and their increased uptake should be a key priority for 

freshwater management moving forward. 
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1 Appendix 1 
Table A 1.1. The median contaminant concentrations for 15 high-country farm streams in the Lake 
Wānaka catchment from February – April 2012, and numerical limits for achieving good water 
quality from Schedule 15 of the ORC Water Plan. Median contaminant concentrations that exceeded 
the ORC limits are in bold. NH4

+, NO3
-, and PO4

3- are in units of mg L-1, E. coli is in CFU/100 mL, 
and turbidity is in NTU. Sources: ORC (2014) & LCR 2019 (Pers. Comm., 1 November). 

  

Stream Turbidity E. coli NH4+ NO3- PO43- 

Minaret at Albert 
Burn 0.42 1 0.01 0.016 0.004 

Minaret at Bay 
Burn 0.23 3 0.01 0.002 0.004 

Minaret Bell 
Burn 0.34 7 0.01 0.004 0.004 

Minaret Estuary 
Burn 0.36 12 0.01 0.006 0.004 

Minaret at 
Minaret Burn 0.38 10 0.01 0.011 0.004 

Minaret at Rough 
Burn 0.37 1 0.01 0.002 0.004 

Mt Burke at 
Quartz 0.48 49 0.01 0.002 0.004 

Cattle Flat at 
Power House  0.33 12 0.01 0.007 0.004 

Cattle Flat at 
Twin Falls  0.58 40 0.01 0.004 0.004 

Glendhu Bay at 
Bottom Race 1.36 800 0.01 0.004 0.004 

Glendhu Bay at 
Fern Burn 0.29 60 0.01 0.131 0.004 

Matukituki at 
Phoebe 0.36 4 0.01 0.4 0.004 

Matukituki at 
Sixty Five Mile 0.31 70 0.03 0.002 0.004 

West Wānaka at 
Bull Creek 0.33 15 0.01 0.002 0.004 

West Wānaka at 
House Creek 6.4 1300 0.04 0.39 0.006 

Limits 3 50 0.01 0.075 0.005 
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2 Appendix 2 
Table A 2.1. Stock practice effects on all water quality indicators, using PCA. The first three 
principle components are significant (eigenvalue > 1) and account for 82% of variation in 
the data. Significant associations (> ±0.3) are in bold. 

 

  

Variable PC 1 PC 2 PC 3 

Stock intensity  
(weighted by stock type) 0.38 0.29 -0.09 

Stock access 0.47 0.11 -0.05 

TN 0.11 -0.45 0.46 

TP 0.45 -0.09 0.06 

NO3
- -0.02 0.30 0.62 

NH4
+ 0.25 -0.39 0.19 

PO4
3- 0.45 -0.07 0.13 

SSC -0.12 -0.42 -0.39 

POM 0.03 -0.52 0.00 

E. coli 0.37 0.06 -0.43 

Eigenvalue 4.13 2.90 1.13 

Proportion of variation 
in the data explained 0.41 0.29 0.12 
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Table A 2.2. Stock practice effects on all nutrient indicators (TN, TP, NO3-, NH4+, PO43-), 
using PCA. The first three principle components are significant (eigenvalue > 1) and 
account for 90% of variation in the data. Significant associations (> ±0.3) are in bold. 

 

  

Variable PC 1 PC 2 PC 3 

Stock intensity  
(weighted by stock type) 0.36 -0.49 -0.08 

Stock access 0.48 -0.27 -0.06 

TN 0.18 0.53 0.55 

TP 0.49 0.03 0.01 

NO3
- -0.05 -0.39 0.83 

NH4
+ 0.33 0.50 -0.05 

PO4
3- 0.50 0.03 0.01 

Eigenvalue 3.56 1.73 1.01 

Proportion of variation 
in the data explained 0.51 0.25 0.14 
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Table A 2.3. Stock practice effects on all sediment contaminants and E. coli, using PCA. The 
first two principle components are significant (eigenvalue > 1) and account for 87% of 
variation in the data. Significant associations (> ±0.3) are in bold. 

 
  

Variable PC 1 PC 2 

Stock intensity  
(weighted by stock type) 0.58 0.02 

Stock access 0.55 0.22 

SSC -0.32 0.60 

POM -0.23 0.62 

E. coli 0.45 0.45 

Eigenvalue 2.79 1.54 

Proportion of variation 
in the data explained 0.56 0.31 
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Table A 2.4. Fertiliser practice effects on all water quality indicators, using PCA. The first 
four principle components are significant (eigenvalue > 1) and account for 90% of variation 
in the data. Significant associations (> ±0.3) are in bold. 

 

  

Variable PC 1 PC 2 PC 3 PC 4 

Fertiliser intensity 0.41 0.19 -0.24 -0.05 

N fertiliser intensity -0.08 -0.42 -0.49 -0.07 

P fertiliser intensity 0.40 -0.19 -0.10 -0.13 

TN 0.30 -0.29 0.22 -0.49 

TP 0.39 0.25 -0.06 0.04 

NO3
- -0.12 0.20 -0.21 -0.82 

NH4
+ 0.34 -0.09 0.42 0.07 

PO4
3- 0.39 0.28 0.03 0.02 

SSC 0.09 -0.53 -0.28 0.12 

POM 0.24 -0.42 0.22 0.00 

E. coli 0.28 0.16 -0.55 0.21 

Eigenvalue 4.53 2.82 1.45 1.09 

Proportion of variation 
in the data explained 0.41 0.26 0.13 0.10 
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Table A 2.5. Fertiliser practice effects on all nutrient indicators (TN, TP, NO3-, NH4+,       
PO43-), using PCA. The first three principle components are significant (eigenvalue > 1) and 
account for 83% of variation in the data. Significant associations (> ±0.3) are in bold. 

 
  

Variable PC 1 PC 2 PC 3 

Fertiliser intensity 0.43 0.11 0.22 

N fertiliser intensity -0.16 -0.58 0.25 

P fertiliser intensity 0.40 -0.39 0.10 

TN 0.30 -0.51 0.19 

TP 0.43 0.28 0.09 

NO3
- -0.10 0.17 0.84 

NH4
+ 0.37 -0.21 -0.35 

PO4
3- 0.45 0.31 0.05 

Eigenvalue 4.00 1.49 1.13 

Proportion of variation 
in the data explained 0.50 0.19 0.14 
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Table A 2.6. Fertiliser practice effects on all sediment contaminants and E. coli, using PCA. 
The first two principle components are significant (eigenvalue > 1) and account for 78% of 
variation in the data. Significant associations (> ±0.3) are in bold. 

 

  

Variable PC 1 PC 2 

Fertiliser intensity 0.42 0.50 

N fertiliser intensity 0.22 -0.53 

P fertiliser intensity 0.55 0.14 

SSC 0.41 -0.49 

POM 0.40 -0.26 

E. coli 0.37 0.37 

Eigenvalue 2.64 2.03 

Proportion of variation 
in the data explained 0.44 0.34 
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Table A 2.7. Pasture practice effects on all water quality indicators, using PCA. The first 
four principle components are significant (eigenvalue > 1) and account for 84% of variation 
in the data. Significant associations (> ±0.3) are in bold. 

 

  

Variable PC 1 PC 2 PC 3 PC 4 

Cultivation 0.40 0.25 -0.05 -0.31 

Proportion grass -0.28 0.00 0.50 -0.19 

Bailage intensity 0.37 0.10 0.37 0.01 

High quality pasture 0.10 0.28 -0.50 -0.11 

TN 0.08 -0.44 -0.25 0.27 

TP 0.45 -0.14 0.00 0.11 

NO3
- 0.03 0.32 -0.36 0.41 

NH4
+ 0.18 -0.42 0.14 0.18 

PO4
3- 0.45 -0.13 0.07 0.20 

SSC -0.11 -0.33 -0.35 -0.53 

POM 0.00 -0.49 -0.14 -0.13 

E. coli 0.39 0.05 0.02 -0.49 

Eigenvalue 4.07 3.11 1.59 1.27 

Proportion of variation 
in the data explained 0.34 0.26 0.13 0.11 
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Table A 2.8. Pasture practice effects on all nutrient indicators (TN, TP, NO3-, NH4+, PO43-), 
using PCA. The first three principle components are significant (eigenvalue > 1) and 
account for 79% of variation in the data. Significant associations (> ±0.3) are in bold. 

 
  

Variable PC 1 PC 2 PC 3 

Cultivation 0.35 0.40 0.27 

Proportion grass -0.34 -0.20 0.45 

Bailage intensity 0.36 0.08 0.49 

High quality pastured 0.07 0.48 -0.29 

TN 0.18 -0.38 -0.50 

TP 0.51 -0.07 0.00 

NO3
- 0.01 0.43 -0.36 

NH4
+ 0.27 -0.46 -0.09 

PO4
3- 0.51 -0.10 0.04 

Eigenvalue 3.48 2.27 1.35 

Proportion of variation 
in the data explained 0.39 0.25 0.15 
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Table A 2.9. Pasture practice effects on all sediment contaminants and E. coli, using PCA. 
The first three principle components are significant (eigenvalue > 1) and account for 83% 
of variation in the data. Significant associations (> ±0.3) are in bold. 

 
  

Variable PC 1 PC 2 PC 3 

Cultivation 0.57 -0.14 -0.05 

Proportion grass -0.25 0.33 -0.44 

Bailage intensity 0.45 0.15 -0.45 

High quality pastured 0.27 -0.13 0.65 

SSC -0.24 -0.65 -0.03 

POM -0.23 -0.56 -0.32 

E. coli 0.47 -0.32 -0.28 

Eigenvalue 2.87 1.62 1.29 

Proportion of variation 
in the data explained 0.41 0.23 0.19 
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Table A 2.10. Comparing all farm practices for associations, using PCA. The first three 
principle components are significant (eigenvalue > 1) and account for 88% of variation in 
the data. Significant associations (> ±0.3) are in bold. 

 
  

Variable PC 1 PC 2 PC 3 

Stock intensity 
(weighted by stock type) 0.42 0.01 0.29 

Stock access 0.45 0.04 -0.01 

Fertiliser intensity 0.43 -0.01 -0.29 

N fertiliser intensity -0.17 -0.57 -0.27 

P fertiliser intensity 0.24 0.00 -0.76 

Cultivation 0.38 -0.24 0.21 

Proportion grass -0.16 0.43 0.14 

Bailage intensity 0.42 0.25 0.11 

High quality pasture 0.10 -0.61 0.32 

Eigenvalue 4.88 1.87 1.17 

Proportion of variation 
in the data explained 0.54 0.21 0.13 

 



 164 

3 Appendix 3 
Table A 3.1. The important association between E. coli and stock impacts (stock access and 
intensity) on the study farms, and unimportant associations between PO43- and TP 
contaminants and stock impacts, as defined by the MAs. Mood Median tests used to 
determine the importance of these associations compared the median contaminant 
concentrations of areas with low (< 26% paddocks with access and < 11 stock ha-1 yr-1), 
moderate (26% – 50% access and 11 – 20 stock ha-1 yr-1), and high (> 50% access and > 20 
stock ha-1 yr-1) stock impacts. Each stock impact classification had a sample size of n = 48. 
Mood Median tests with a p value < 0.05 indicated that at least one of the groups was 
statistically different to the rest. 

 

  

Contaminant Level of stock access 
and intensity 

Median concentration P value 

E. coli 
(CFU/100 mL) 

Low 73 

0.000 Moderate 173 

High 1357 

PO43- (mg L-1) 

Low 0.004 

0.000 Moderate 0.004 

High 0.012 

TP (mg L-1) 

Low 0.009 

0.000 Moderate 0.006 

High 0.035 
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Table A 3.2. The important associations between PO43-, TP, and NH4+ contaminants and 
fertiliser practices (fertiliser intensity and P fertiliser intensity) on the study farms, and 
unimportant associations between POM and SSC contaminants and fertiliser intensity, as 
defined by the MAs. Mood Median (three sample) and Mann Whitney (two sample) tests 
were used to determine the importance of the fertiliser intensity and P fertiliser intensity 
associations respectively. Mood median tests compared the median contaminant 
concentrations of areas with low (< 66 kg ha-1 yr-1), moderate (66 – 121 kg ha-1 yr-1), and 
high fertiliser application (> 122 kg ha-1 yr-1). Each fertiliser intensity classification had a 
sample size of n = 48. Mann Whitney tests compared the median contaminant concentrations 
of areas with low (< 12 kg P ha-1 yr-1, n = 60) and high (12 – 22 kg P ha-1 yr-1, n = 72) P 
fertiliser application. Mood Median and Mann Whitney tests with a p value < 0.05 indicated 
that at least one of the groups was statistically different to the rest. 

  

Farm practice Contaminant Practice intensity Median concentration P value 

Fertiliser 
intensity 

PO43- (mg L-1) 

Low 0.003 
0.000 

 
Moderate 0.005 

High 0.012 

TP (mg L-1) 

Low 0.005 
0.000 

 Moderate 0.011 

High 0.035 

NH4+ (mg L-1) 

Low 0.007 

0.000 Moderate 0.019 

High 0.023 

POM (mg L-1) 

Low 1.1 

0.000 Moderate 3.6 

High 3.3 

SSC (mg L-1) 

Low 9.7 

0.000 Moderate 28.8 

High 8.2 

P fertiliser 
intensity 

PO43- (mg L-1) 
Low 

 

0.004 
 0.000 High 0.009 

TP (mg L-1) 
Low 

 

0.009 
 0.000 High 0.021 

NH4+ (mg L-1) 
Low 

 

0.009 
 0.000 High 0.027 
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Table A 3.3. The unimportant associations between SO42- and stock (stock access and 
intensity) and fertiliser (fertiliser intensity) impacts on the study farms, as defined by the 
MAs. The Mann Whitney test used to determine the importance of these associations 
compared the median contaminant concentrations of areas with low (< 50% paddocks with 
access, < 20 stock ha-1 yr-1, and < 100 kg ha-1yr-1) and high (> 50% access, > 20 stock ha-1 

yr-1, and > 100 kg ha-1yr-1) stock and fertiliser impacts. Each impact classification had a 
sample size of n = 36. The Mann Whitney test had a p value < 0.05 indicating that the groups 
were statistically different. 

 

  

Contaminant Level of stock (stock access 
and intensity) and fertiliser 
(fertiliser intensity) impacts 

Median 
concentration 

P value 

SO42- (mg L-1) 

Low 26.7 

0.000 

High 9.4 
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Table A 3.4. The increase in E. coli, SSC, and POM concentrations downstream of the non-
managed BACI grazing event, and the lack of an increase in NH4+ and SO42- contaminants 
downstream of the event. Median concentrations for the pre- (n = 3), during (n = 3 for SSC 
and POM, n = 2 for all other contaminants), and post-grazing (n = 3 for SSC and POM, n 
= 2 for all other contaminants) phases of the experiment were compared non-statistically 
for each contaminant. 

  

Contaminant Grazing stage Site Medians 

NH4+ (mg L-1) 
 

Pre Upstream 0.025 
Downstream 0.041 

During Upstream 0.036 
Downstream 0.035 

Post 
 

Upstream 0.019 
Downstream 

 
0.020 

 

SO42- (mg L-1) 
 

Pre Upstream 4.52 
Downstream 2.88 

During Upstream 6.53 
Downstream 4.49 

Post 
 

Upstream 6.54 
Downstream 

 
6.41 

 

E. coli 
(CFU/100 mL) 
 

Pre Upstream 81 
Downstream 69 

During Upstream 70 
Downstream 227 

Post 
 

Upstream 95 
Downstream 

 
94 
 

SSC (mg L-1) 
 

Pre Upstream 17.3 
Downstream 15.4 

During Upstream 11.0 
Downstream 13.8 

Post 
 

Upstream 9.2 
Downstream 

 
17.0 

 

POM (mg L-1) 
 

Pre Upstream 2.6 
Downstream 2.0 

During Upstream 2.3 
Downstream 1.6 

Post 
 

Upstream 1.3 
Downstream 

 
2.7 
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Table A 3.5. The increase in turbidity downstream of the non-managed BACI grazing event, 
and the lack of an increase in TN, TP, NO3-, and PO43- contaminants downstream of the 
event. Mann Whitney tests compared the upstream and downstream concentrations of these 
contaminants, for the pre- (n = 13), during (n = 12), and post-grazing (n = 11) phases of 
the experiment. Mann Whitney tests with a p value < 0.05 (in bold) indicated that the median 
upstream and downstream concentrations were statistically different. 

  

Contaminant Grazing stage Site Medians P value 

TN (mg L-1) 
 

Pre Upstream 0.33 0.610 Downstream 0.37 

During Upstream 0.39 0.001 Downstream 0.27 

Post 
 

Upstream 0.38 0.130 
 Downstream 

 
0.34 

 

TP (mg L-1) 
 

Pre Upstream 0.004 0.505 Downstream 0.002 

During Upstream 0.004 0.840 Downstream 0.004 

Post 
 

Upstream 0.008 0.646 
 Downstream 

 
0.007 

 

NO3- (mg L-1) 
 

Pre Upstream 0.27 1.000 Downstream 0.28 

During Upstream 0.29 0.005 Downstream 0.22 

Post 
 

Upstream 0.32 0.000 
 Downstream 

 
0.25 

 

PO43- (mg L-1) 
 

Pre Upstream 0.003 0.170 Downstream 0.002 

During Upstream 0.004 0.095 Downstream 0.002 

Post 
 

Upstream 0.003 0.970 
 Downstream 

 
0.003 

 

Turbidity 
(NTU) 
 

Pre Upstream 4.0 0.200 Downstream 4.5 

During Upstream 4.1 0.950 Downstream 4.2 

Post 
 

Upstream 3.5 0.002 
 Downstream 

 
6.7 
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Table A 3.6. The increase in TP at the downstream site of the non-managed BACI during the 
grazing event, and the lack of an increase in turbidity and TN, NO3-, and PO43- contaminants 
at this site during the event. Mood Median tests compared the pre- (n = 13), during (n = 
12), and post-grazing (n = 11) concentration of these contaminants for the upstream and 
downstream sites of the non-managed BACI. Mood Median tests with a p value < 0.05 (in 
bold) indicated that at least one of the groups was statistically different to the rest. 

 

  

Contaminant Site Grazing stage Medians P value 

TN (mg L-1) 

Up 
Pre 0.33 

0.007 During 0.39 
Post 0.38 

Down 
Pre 0.37 

0.780 During 0.27 
Post 0.34 

TP (mg L-1) 

Up 
Pre 0.004 

0.159 During 0.004 
Post 0.008 

Down 
Pre 0.002 

0.013 During 0.004 
Post 0.007 

NO3- (mg L-1) 

Up 
Pre 0.27 

0.190 During 0.29 
Post 0.32 

Down 
Pre 0.28 

0.120 During 0.22 
Post 0.25 

PO43- (mg L-1) 

Up 
Pre 0.003 

0.140 During 0.004 
Post 0.003 

Down 
Pre 0.002 

0.130 During 0.002 
Post 0.002 

Turbidity 
(NTU) 

Up 
Pre 4.0 

0.540 During 4.1 
Post 3.5 

Down 
Pre 4.5 

0.160 During 4.2 
Post 6.7 
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4 Appendix 4 
Table A 4.1. The lack of a relationship between any contaminants of the study and rainfall, as 
defined by the regression analyses. Linear regression analyses were conducted for the 
Antecedent Precipitation Index for all sites and contaminants of the study. Each site had a 
sample size of n = 12 for every contaminant tested. P values are in brackets. Significant 
relationships (p value < 0.05) are bold. TN, TP, NO3

-, NH4
+, PO4

3-, SO4
2-, SSC, and POM 

contaminant concentrations are in mg L-1, and E. coli is in CFU/100 mL. 

  

Site TN TP NO3
- NH4

+ PO4
3- SO4

2- E. coli SSC POM 

Natural 
gorge 
upstream 

0 .00 
(0.90) 

+0.01 
(0.30) 

-0.03 
(0.20) 

0.00 
(0.90) 

+0.14 
(0.10) - 0.00 

(0.70) 
0.00 

(0.40) 
+0.04 
(0.30) 

Natural 
gorge 
downstream 

+0.02 
(0.30) 

+0.32 
(0.03) 

-0.64 
(0.001) 

0.00 
(0.70) 

+0.06 
(0.20) - +0.17 

(0.10) 
0.00 

(0.90) 
+0.14 
(0.10) 

Glendhu 
wetland 
upstream 

+0.17 
(0.10) 

+0.19 
(0.09) 

-0.07 
(0.20) 

-0.39 
(0.018) 

0.00 
(0.90) 

-0.08 
(0.22) 

0.00 
(0.90) 

-0.03 
(0.30) 

0.00 
(0.40) 

Glendhu 
wetland 
midstream 

0.00 
(0.90) 

0.00 
(0.60) 

-0.17 
(0.10) 

-0.43 
(0.012) 

0.00 
(0.50) 

0.00 
(0.98) 

0.00 
(0.50) 

0.00 
(0.40) 

0.00 
(0.80) 

Glendhu 
wetland 
downstream 

+0.06 
(0.20) 

+0.06 
(0.20) 

-0.13 
(0.10) 

0.00 
(0.90) 

0.00 
(0.80) 

0.00 
(0.95) 

0.00 
(0.40) 

-0.12 
(0.10) 

0.00 
(1.00) 

Riparian 
buffer 
upstream 

+0.28 
(0.046) 

+0.02 
(0.30) 

-0.55 
(0.004) 

0.00 
(0.40) 

0.00 
(0.80) - +0.04 

(0.30) 
-0.03 
(0.30) 

0.00 
(0.80) 

Riparian 
buffer 
downstream 

-0.27 
(0.049) 

0.00 
(0.50) 

-0.50 
(0.006) 

0.00 
(0.40) 

+0.14 
(0.10) - +0.09 

(0.20) 
0.00 

(0.70) 
+0.21 
(0.10) 

Constructed 
wetland 
upstream 

+0.03 
(0.30) 

+0.08 
(0.20) 

-0.04 
(0.30) 

0.00 
(0.90) 

0.00 
(0.60) 

-0.18 
(0.14) 

0.00 
(0.80) 

0.00 
(0.80) 

+0.03 
(0.30) 

Constructed 
wetland 
downstream 

+0.06 
(0.20) 

-0.06 
(0.20) 

-0.39 
(0.018) 

0.00 
(0.90) 

0.00 
(0.30) 

0.00 
(0.52) 

+0.10 
(0.20) 

-0.29 
(0.04) 

-0.32 
(0.05) 

West 
Wānaka 
upstream 

0.00 
(0.50) 

0.00 
(0.40) 

-0.05 
(0.20) 

-0.09 
(0.20) 

0.00 
(0.50) 

0.00 
(0.51) 

0.00 
(0.50) 

0.00 
(1.00) 

+0.04 
(0.30) 

West 
Wānaka 
midstream 

+0.11 
(0.15) 

-0.01 
(0.20) 

-0.10 
(0.20) 

0.00 
(0.40) 

+0.23 
(0.07) 

0.00 
(0.38) 

+0.26 
(0.05) 

+0.36 
(0.02) 

0.00 
(0.30) 

West 
Wānaka 
downstream 

+0.08 
(0.20) 

+0.55 
(0.004) 

-0.12 
(0.10) 

0.00 
(0.50) 

+0.30 
(0.04) 

+0.08 
(0.23) 

+0.30 
(0.04) 

+0.49 
(0.01) 

+0.27 
(0.05) 
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Table A 4.2. The lack of a relationship between any contaminants of the study and rainfall, 
as defined by the regression analyses. Linear regression analyses were conducted for the 
Rainfall Intensity Index for all sites and contaminants of the study. Each site had a sample 
size of n = 12 for every contaminant tested. P values are in brackets. Significant 
relationships (p value < 0.05) are bold. TN, TP, NO3-, NH4+, PO43-, SO42-, SSC, and POM 
contaminant concentrations are in mg L-1, and E. coli is in CFU/100 mL. 

  

Site TN TP NO3
- NH4

+ PO4
3- SO4

2- E. coli SSC POM 

Natural 
gorge 
upstream 

0.00 
(0.80) 

+0.06 
(0.20) 

-0.03 
(0.30) 

0.00 
(0.60) 

+0.60 
(0.002) - 0.00 

(0.90) 
+0.03 
(0.30) 

0.00 
(0.40) 

Natural 
gorge 
downstream 

0.00 
(0.80) 

+0.47 
(0.009) 

-0.20 
(0.10) 

+0.23 
(0.07) 

+0.37 
(0.02) - +0.57 

(0.003) 
0.00 

(0.70) 
0.00 

(0.40) 

Glendhu 
wetland 
upstream 

+0.32 
(0.03) 

-0.24 
(0.06) 

-0.12 
(0.10) 

-0.16 
(0.10) 

+0.01 
(0.30) 

-0.08 
(0.23) 

0.00 
(0.90) 

0.00 
(0.50) 

0.00 
(0.50) 

Glendhu 
wetland 
midstream 

0.00 
(0.40) 

0.00 
(0.90) 

-0.11 
(0.20) 

-0.12 
(0.10) 

0.00 
(0.90) 

0.00 
(0.35) 

+0.61 
(0.002) 

0.00 
(0.40) 

0.00 
(0.80) 

Glendhu 
wetland 
downstream 

0.00 
(0.80) 

+0.51 
(0.005) 

-0.11 
(0.20) 

0.00 
(0.70) 

+0.13 
(0.10) 

-0.06 
(0.26) 

+0.55 
(0.003) 

0.00 
(0.40) 

+0.01 
(0.30) 

Riparian 
buffer 
upstream 

-0.19 
(0.09) 

+0.59 
(0.002) 

-0.40 
(0.02) 

0.00 
(0.80) 

+0.29 
(0.04) - 0.00 

(0.80) 
0.00 

(0.80) 
0.00 

(0.80) 

Riparian 
buffer 
downstream 

-0.08 
(0.20) 

+0.05 
(0.20) 

-0.42 
(0.01) 

0.00 
(0.70) 

+0.37 
(0.02) - 0.00 

(0.70) 
0.00 

(0.30) 
+0.17 
(0.10) 

Constructed 
wetland 
upstream 

-0.18 
(0.10) 

+0.04 
(0.30) 

0.00 
(0.40) 

0.00 
(0.80) 

+0.13 
(0.10) 

-0.57 
(0.012) 

0.00 
(0.90) 

0.00 
(0.90) 

+0.03 
(0.30) 

Constructed 
wetland 
downstream 

-0.33 
(0.03) 

+0.19 
(0.09) 

-0.77 
(0.000) 

0.00 
(0.80) 

+0.49 
(0.007) 

-0.01 
(0.33) 

+0.07 
(0.20) 

0.00 
(0.70) 

0.00 
(0.40) 

West 
Wānaka 
upstream 

0.00 
(0.60) 

-0.23 
(0.06) 

-0.14 
(0.10) 

-0.30 
(0.04) 

+0.33 
(0.03) 

-0.51 
(0.019) 

+0.16 
(0.10) 

0.00 
(0.70) 

0.00 
(0.50) 

West 
Wānaka 
midstream 

+0.14 
(0.10) 

-0.16 
(0.10) 

-0.12 
(0.10) 

-0.16 
(0.10) 

0.00 
(0.40) 

-0.33 
(0.06) 

+0.43 
(0.01) 

+0.15 
(0.10) 

+0.01 
(0.30) 

West 
Wānaka 
downstream 

0.00 
(0.60) 

-0.14 
(0.10) 

-0.11 
(0.20) 

-0.19 
(0.10) 

0.00 
(0.70) 

-0.68 
(0.004) 

+0.39 
(0.02) 

+0.45 
(0.01) 

+0.23 
(0.06) 
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5 Appendix 5 
Table A 5.1. The elevated NO3- levels at sites below the constructed wetland, and enhanced 
concentrations of TN, NH4+, SO42-, SSC, and POM at sites below the Glendhu wetland, as 
defined by the MAs. The Mood Median tests compared median TN, NO3-, NH4+, SO42-, SSC, 
and POM concentrations between the study sites. Each site had a sample size of n = 12 for 
every contaminant tested, except SO42- which had a sample size of n = 9. Mood Median tests 
with a p value < 0.05 indicated that at least one of the sites had a statistically different 
median contaminant concentration to the rest. All contaminant concentrations are in mg L-

1. 

 

Site NO3- NH4+ SO42- TN SSC POM 

West Wānaka 
downstream 0.011 0.053 8.8 0.69 6.9 5.3 

West Wānaka 
midstream 0.015 0.057 8.1 0.50 7.5 3.8 

West Wānaka 
upstream 0.075 0.018 8.4 0.30 6.2 1.9 

Constructed wetland 
downstream 0.563 0.012 8.0 0.59 20.7 2.3 

Constructed wetland 
upstream 0.004 0.011 16.7 0.14 44.2 4.0 

Riparian buffer 
downstream 0.260 0.005 - 0.31 12.7 1.5 

Riparian buffer 
upstream 0.286 0.007 - 0.35 11.4 1.3 

Glendhu wetland 
downstream  0.000 0.012 38.7 0.57 41.3 3.6 

Glendhu wetland 
midstream 0.001 0.041 28.7 0.82 33.7 5.7 

Glendhu wetland 
upstream 0.001 0.034 26.0 0.73 33.1 5.3 

Natural gorge 
downstream 0.092 0.010 - 0.12 9.5 0.8 

Natural gorge 
upstream 0.004 0.013 - 0.07 6.5 1.0 

P value 0.000 0.000 0.000 0.000 0.000 0.000 

 


