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Abstract 

Large-scale transformation of vegetation cover in New Zealand since human 
occupation has restricted indigenous forest cover to upland and remote regions. The 
waterways of these remote and undisturbed catchments are typically excluded from 
regular assessments of water quality, and thus, there is a paucity of longitudinal data 
from pristine waterways in New Zealand. This thesis presents a two-year study of the 
water quality of 71 low disturbance catchments draining the Southern Alps. 
Catchments were sampled every 3 to 6 months from January 2012 to November 2014. 
In these pristine catchments, phosphate phosphorus and ammoniacal are usually at, or 
below, detectable limits. The nitrate nitrogen, dissolved inorganic carbon, dissolved 
organic carbon and silicon all show concentration variability across a seasonal and 
spatial scale. The nitrate nitrogen was higher during autumn and winter, with a median 
of 37.5 µg N L-1, compared to 24.5 µg N L-1 during summer. Dissolved organic carbon 
concentrations were significantly higher on the west coast (1.9 mg C L-1), than the east 
(1.6 mg C L-1). Silicon showed higher median concentrations on the east coast than the 
west, 1.6 mg Si L-1 and 1.3 mg Si L-1 respectively. The dissolved inorganic carbon 
showed no difference between median concentrations, however, the annual specific 
yield is higher on the west coast equivalent to 20.2 t km2 a-1 versus 8.5 t km2 a-1 on the 
east coast. All nutrients varied with geology, vegetation and soil type within the 
catchments identifying the need determine the most influential controls on nutrient 
concentrations in low disturbance catchments. Multiple regression analysis concluded 
a combination of controlling nutrient specific variables depicted the nutrient 
concentrations of the Southern Alps. Phosphate phosphorous, nitrate nitrogen and 
ammoniacal nitrogen concentrations were predominately controlled by land use 
factors, whereas dissolved carbon and silicon were controlled by a combination of 
land use, soil, morphometric, and hydro-climate variables. Dissolved inorganic carbon 
and silicon, both principally derived from the mineral sources, are controlled by 
differing factors highlighting the sensitive nature of each nutrient to its surrounding 
environment and coupling to the hydrologic network. Overall, pristine New Zealand 
rivers typically have very low nutrient concentrations in the headwaters by global 
standards. The concentrations and specific yields of the Southern Alps reported in this 
study provide a robust proxy dataset for establishing reference water quality 
conditions for New Zealand. 
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Chapter One 

1 Introduction 

Over the last three decades there have been radical shifts in land use in New Zealand, with the 

conversion of native vegetation cover to high-intensity agricultural development, forestry 

plantation, and urban areas (Parkyn and Wilcock, 2004). Each of these land use changes put 

pressure on the quantity of freshwater available for consumptive and ecological use, as well as 

potentially deleterious effects on the quality of the water. The narrative around water resources in 

New Zealand focuses on the effects of human activity on water quality; specifically the effects that 

nutrients, like nitrogen and phosphorus, have on river function. It is imperative that the form and 

function of New Zealand’s waterways are preserved, not just for human health, but also to ensure 

the environmental integrity of the high endemism of New Zealand ecosystems, as well as 

sustaining communities’ livelihoods, and economic productivity.  The dramatic changes to New 

Zealand’s landscape through agricultural intensification have profoundly changed the 

hydrogeochemistry, so that there now only remain fragmented pockets of indigenous vegetated 

catchments. In terms of water quality, this is problematic, because the wholesale transformation of 

New Zealand’s landscape makes characterising the ‘natural state’ increasingly difficult. Good 

management practice of water quality mandates the understanding of an undisturbed state so that 

‘baseline’ conditions can be quantified, and the effects of development or changing land use can be 

established. It is the objective of this study to quantify ‘baseline’ nutrient concentrations in New 

Zealand to provide reference conditions for indigenous water quality. 

 

Water quality is a term used frequently within the scientific framework of the hydrological cycle, 

however, it is rarely defined. Johnson et al. (1997, p.585) define water quality as “a measure of the 

conditions of water relative to the requirements of one or more species and/or to any human need 

or purpose”. Water quality is the output of an integrated system, reflecting the natural and 

anthropogenic processes within a catchment (Parkyn and Wilcock, 2004). Thus, it is directly 

related to the interaction of the atmosphere, biosphere and hydrosphere, and the physical, chemical, 

and biological characteristic of a catchment (Davies-Colley, 2013). By international standards the 

water quality in New Zealand is regarded as good (Larned et al., 2004), despite the continued 

decline in lowland river water quality. However, it is disingenuous to compare New Zealand’s 

degraded waterways to the even more degraded international context, because water quality is so 
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strongly connected to local conditions.  How can declining water quality in New Zealand be 

contextualised in the absence of an understanding about how far the water quality has been altered? 

 

New Zealand freshwater and nearshore marine environments, developed and evolved in the 

absence of nuisance species and radical shifts in vegetation cover (Cooper and Cooper, 1995; 

McDowall, 2010; de Freitas and Perry, 2012). New Zealand was predominately covered by native 

forest and tussock grassland (Treskonova, 1991; Fahey et al., 2004). Native forests of New Zealand 

export lower concentrations of nitrogen and phosphorous compared to pasture and forestry 

plantation, and produce a higher concentration of dissolved organic matter (e.g. Quinn and Stroud, 

2002; Fahey et al., 2004). The conversion from tussock grassland to forestry plantation has also 

had the effect of reducing the runoff and reduction of peak flows (Fahey and Watson, 1991; Fahey 

et al., 2004) resulting in increased concentration of nutrients like nitrogen and phosphorous. As a 

result, the deleterious effects on water quality from nitrogen and phosphorus have been widely 

documented (Bargh, 1978; Heathwaite and Johns, 1996; Tong and Chen, 2002; Parkyn and 

Wilcock, 2004). However, few studies have focused on the natural nutrient levels of pristine river 

catchments and the impacts of water quality and nutrient exports on the aquatic ecosystem function 

(Quinn and Stroud, 2002; McDowell et al., 2013). Shifts in the nutrient content of freshwater 

ecosystems can cause detrimental impacts on the ecosystem function (Novotny, 2003) and the 

associated marine and estuarine ecosystems downstream (Davies-Colley and Wilcock, 2004). 

Therefore, the study of water quality within New Zealand requires a comprehensive understanding 

of the natural concentration of constituents that are vital for ecosystem function. Nitrogen, 

phosphorous, carbon and silicon are all described as vital nutrients required for aquatic ecosystem 

function (Billen et al., 2007; Sardans et al., 2012). 

 

The management and preservation of waterways comes under the purview of the Ministry for the 

Environment (MfE) who manage the monitoring of water quality in freshwater, coastal and marine 

ecosystems, with enforcement mandated under the Resource Management Act, 1991.  As a 

regulatory instrument of the state, the MfE delegates the task of physical monitoring of New 

Zealand’s environment to regional authorities. Despite the long history in New Zealand of farming 

and land clearance, it was not until the early 1970s that there was a noticeable decline in water 

quality, particularly regarding nuisance nutrients, such as nitrogen and phosphorus (MfE, 2015a). 

Declining water quality lead to the development of a national water quality programme by the (now 

defunct) Department of Scientific and Industrial Research (DSIR) in 1989, and henceforth 

maintained by the National Institute of Water and Atmospheric Research (NIWA). 
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National River Water Quality Network  
The National River Water Quality Network (NRWQN) is a longitudinal study of New Zealand’s 

water quality. Initiated in 1989 the NRWQN provides a continuous record of monthly samples 

collected from 77 different sites on 35 of New Zealand’s major river systems. Collectively these 

sites cover almost 50% of New Zealand’s land area drained by freshwater systems (Smith et al., 

1996). The goal and objective of the NRWQN was “to provide scientifically defensible information 

on the important physical, chemical and biological characteristics of a selection of the nation’s 

rivers and lake waters as a basis for advising of trends and status of these waters” (Davies-Colley et 

al., 2011 p.752). Sites were selected with the objective of covering a geographic spread of rivers 

from both the North and South islands, with the majority of rivers being monitored at two 

locations, a baseline or reference site upstream, and an impacted or downstream site that is exposed 

to the influence of anthropogenic practices and land use changes (Davies-Colley, 2013). The 

NRWQN monitors stream flow, dissolved oxygen, temperature, pH, conductivity, nitrate, total 

ammoniacal nitrogen, total nitrogen, total phosphorus, dissolved reactive phosphorus, optical 

variables (clarity, turbidity), microbiological variables (e. coli, total coliforms) and benthic biology 

at each site (Davis-Colley et al., 2011). Since 1989 there has been no major changes to sampling 

times, locations, equipment, handling, or variables assessed (Davies-Colley et al., 2011).  

 

The NRWQN is regarded as a reliable data set due to its consistency in sampling sites and analysis 

(Ballantine and Davies-Colley, 2014), and several studies have used the data to report trends within 

water quality in New Zealand (i.e. Larned et al., 2004; Smith et al., 1996). However, it is 

contended that the NRWQN does not accurately represent the water quality conditions of New 

Zealand (McDowell et al., 2013). For instance, there is an obvious gap in data from the main 

catchments draining the Southern Alps of New Zealand (Unwin et al., 2014), in particular, the west 

coast, and the selection of sampling sites is orientated around rivers of concern; not a combination 

of rivers that are representative of natural and degraded conditions (McDowell et al., 2013). The 

constituents measured have also remained constant throughout the duration of the investigation, 

with no additional nutrients or elements assessed. Thus, as other elements have been identified as 

having adverse effects on water quality through time; i.e. pesticides and heavy metals, they have 

not been incorporated and thus challenge the programmes’ ability to accurately predict natural 

water quality conditions. As a longitudinal dataset the strength of the NRWQN is in the length of 

time that it has been maintained, which provides insight into the effects of recent changes to water 

quality, but, on the other hand, much of the changes to New Zealand’s natural forest and grassland 

environment had taken place 50 to 100 year prior to the monitoring programme. 
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A key management technique that was developed to assist with the regulation and monitoring of 

water quality was the development of ‘trigger’ values developed in 1992 by the Australian New 

Zealand Environmental Conservation Council (ANZECC). The approach of the ANZECC 

guidelines was to use observations of water quality collected by the NRWQN (and companion data 

from Australia) to establish the 80th percentile threshold for particular elements or characteristics 

that indicated poor water quality (e.g. suspended sediment, bacterial counts, nutrient 

concentrations). Prior to 2000 these water quality guidelines were orientated around toxicants and 

the safety of freshwater resources for human use and consumption, with less emphasis on the 

ecological value (Hart et al., 1999). However, through development of these guidelines there was 

also a focus on the importance of water quality for ecosystem function and health (Hart et al., 

1999). The update of the ANZECC guidelines from 1992 to 2000 saw a shift, with three new 

essential components; it incorporated ecosystem-based issues (i.e. issues regarding nutrients in a 

particular environment), it is issue based (i.e. identifies areas already subject to degradation and 

why) and risk assessment based (i.e. the potential of a stressor to effect diversity or abundance of 

aquatic systems) (Fig. 1.1) (Hart et al., 1999). The 1992 ANZECC objective addressed monitoring 

water as one unit (Hart et al., 1999), however, the redrafting of the guidelines in 1998 identified 

that not all catchments are the same and that each ecosystem may require a different level of 

protection (e.g. 80% of species protection, up to 99% of species protection); and subsequently, 

ecosystem-based management. Thus, the ANZECC guidelines shifted focus to using catchment 

categories and site-specific investigations (Warne et al., 2014). The New Zealand river catchments 

were divided into three categories, highland, lowland1 (less than 150 m in elevation), and lowland2 

(less than 150 m in elevation, excluding rivers with alpine headwaters). The risk and issue-based 

element of the plan was then used to decide ‘trigger’ values (Fig. 1.1). Triggers values are the 

concentration thresholds of key indicators that, if exceeded, expose the ecosystem to risk of 

ecological or biological degradation and initiate investigation (ANZECC and ARMCANZ, 2000). 

For New Zealand, the NRWQN data was used in the establishment of trigger values and thresholds 

within the 80th percentile, for non-toxic contaminants for the different catchment types defined 

within New Zealand (i.e. 167 µg L-1 of nitrate and 6 µg L-1 of phosphorous, for upland catchments).  

 

The strength of the ANZECC approach to water quality was the proactive design. The values are 

designed to ‘trigger’ investigation into the water quality at a particular location before the river is 

detrimentally impacted and was the cornerstone of water quality management in New Zealand, 

with all regional councils adopting the trigger values into the monitoring of water quality. The 

management of freshwater operated under this framework until 2011, when the National Policy 

Statement for Freshwater Management was first drafted, an initiated a new paradigm in freshwater 

management in New Zealand, for implementation between 2020 and 2025. 
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Figure 1.1: Flow chart showing the ecosystem and issue based decision-making process for trigger values 
under the ANZECC guidelines for water quality (adapted from Hart et al., 1999 and ANZECC and 
ARMCANZ, 2000).  

National Policy Statement for Freshwater Management  
In 2011 the New Zealand Government introduced the National Policy Statement for Freshwater 

Management (NPS-FM), which was amended in 2014. The policy aims to safeguard ecosystems, 

ecosystem functioning, and native species within their natural environment, as well as safeguard 

the health of communities and individuals in contact with freshwater, in a sustainable manner 

(MfE, 2011). The NPS-FM directs regional authorities to set freshwater objectives and maintain or 

improve any freshwater system that holds significant value, or adversely impacted by human 

activities. Regional authorities are required to consider the management of freshwater systems in 

an integrated scheme; that is, improving the management of the whole catchment in regards to 

ecological and cultural significance. When the amendments were made in 2014, National Objective 

Frameworks (NOF’s) were added defining ‘ bottom line’ levels and desired states of some nutrients 
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depending on the catchment type i.e. nitrate nitrogen bottom line level for Band A (pristine) 

catchments is 1,000 µg L-1. NOF’s were developed for nitrate, periphyton, pH, dissolved oxygen 

and temperature. Because the statement is directed at regional management, regional authorities 

were therefore directed to review and update their local water quality guidelines for 

implementation by 2025. The regional policy updates must set specific objectives to achieve the 

outlined desirable levels of nutrients, based on regional catchment characteristics, whilst 

maintaining the desired purpose of the freshwater system for both ecosystems and the local 

community. The advantage of the NPS-FM and associated NOFs is that local authorities can set 

achievable goals for water quality in relation to the local environmental conditions and particular 

economic drivers. However, in areas where the economy is based on practices, such as agriculture 

and dairy production (i.e. Southland and Westland), trades offs between the economic gain and the 

maintenance of a healthy freshwater ecosystem function may occur. Arguably, the development of 

NOF baseline levels is contingent on a good understanding of river quality variables throughout the 

country, but it is noteworthy that the 99% protection of species value for the ANZECC (2000) 

guidelines was 444 µg N L-1 and has since been revised upwards to 1000 µg N L-1. It does, 

however, raise an important question, how do these guideline values actually compare to pristine 

rivers?  If the NRWQN is primarily made up of rivers in agriculturally developed areas, or areas 

under increasing pressure from expanded agricultural development, and these were used to build 

the ANZECC guidelines then there is a potential for substantial overestimation in the actual 

nutrient concentrations in pristine catchments.  

1.1 Research and Thesis Overview 
There is a clear gap in the understanding of New Zealand’s freshwater management, that is, a body 

of work that characterises the water quality of pristine catchments that can be used to determine 

reference conditions. The last relics of indigenous vegetation cover largely unaffected by 

anthropogenic land change in the South Island are the headwater catchments draining the Southern 

Alps of New Zealand.  Thus, this study will characterise the water quality of 71 Southern Alps 

catchments, specifically by examining dissolved nutrients that are essential to aquatic ecosystems.  

The following chapter provides a theoretical framework for the main nutrients required for 

ecosystem function, their sources and cycling through the hydrosphere. The objective of this 

theoretical framework is to establish what drives the natural systems of nutrients and develop 

specific research questions.  Chapter three provides an overview of the research design and 

methods, as well as introducing the special characteristics of the Southern Alps.  The results are 

provided in Chapter Four, which are interpreted in the context of local and global studies in the 

Discussion (Chapter Five).  The key findings of the study and the research questions are 

summarised in Chapter Six.    



 7 

Chapter Two 

2 Baseline Nutrient Concentrations in 
Riverine Systems 

The current state of water quality in New Zealand mostly focuses on monitoring and managing 

nitrogen and phosphorus (but also e. coli and water clarity), because of the increasing frequency 

with which they are being identified in catchments at excessive levels causing detrimental effects 

on the local aquatic community (Withers and Jarvie, 2008; PCE, 2012). However, in terms of 

chemical constituents of freshwater, these ecosystems are also dependent on other key nutrients, 

which are rarely considered in New Zealand. Five variables of significant interest have been 

selected because of their vital role in freshwater and marine ecosystem function; nitrogen, 

phosphorous, dissolved inorganic carbon, dissolved organic carbon, and silicon. Nitrogen and 

phosphorous have been selected because they are both naturally occurring nutrients within 

waterways and vital for freshwater and marine ecosystem function (Ritter and Bergstrom, 2001; 

Moss, 2008), and are significantly elevated as a consequence of human interventions in land use 

(PCE, 2012). Dissolved organic carbon contributes to the acidity of natural waters through the 

production of organic acids (Moore, 1989), but is also a key nutrient in phytoplankton metabolism. 

Depending on the nature of the drainage catchment (e.g. forest versus wetlands), the concentration 

of dissolved organic carbon will vary from naturally high to naturally low concentrations (Moore 

and Jackson, 1989), and changes in its concentration are also coupled to changes in land use (Lal, 

2003). Dissolved inorganic carbon also receives little attention in riverine systems, but is a key 

source of CO2 for aquatic communities and aids in buffering against changes in the pH of a system.  

Silicon is a widespread variable, always present in surface and groundwater, and vital for aquatic 

plant growth (Chapman, 1996). Silicon is derived from the erosion of soils and rocks and used for 

primary production and phytoplankton community structure (Chapman 1996; Stelzer and Likens 

2006). Dissolved carbon and silicon concentrations are not included in water quality of New 

Zealand, but have been incorporated into this study to establish the natural baseline concentrations 

and to characterise their stoichiometric relationship to nitrogen and phosphorous as measures of 

ecosystem health.  

Baseline Nutrient Concentrations in 
Riverine Systems 
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2.1 Nitrogen 
Nitrogen (N) is vital for all living organism and is a naturally occurring constituent in freshwater 

systems, however, the anthropogenic demand for higher concentrations of nitrogen to aid plant and 

crop production has resulted in excess nitrogen entering freshwater systems, either via point 

source; a direct input such as a drainage pipe, or from diffuse (non-point source) runoff; i.e. 

leaching (McArthur et al., 2010; Parfitt et al., 2012). Globally, the use of nitrate-based fertilisers 

has steadily increased since the 1950s and consequently there has been a significant increase in the 

amount of nitrate within rivers (Meybeck, 1993a). The leaching of nitrogen and ammonia from 

anthropogenic activity is of increased concern; especially in New Zealand due to the detrimental 

impact increased nitrogen concentrations are having on aquatic communities and the aesthetic 

values of lakes and rivers for recreational use (PCE, 2012). To understand how nitrogen enters 

waterways requires consideration of the different forms that nitrogen may take and how that 

connects to the hydrological cycle.  

 

Nitrogen has many different fractions: organic, inorganic, particulate, and dissolved. The organic 

forms of nitrogen are of importance because they represent the amount of nitrogen that is available 

for biochemical processes. However, the organic forms of nitrogen are rarely considered in the 

monitoring of water quality, because they are not as immediately biologically available for uptake 

as the inorganic forms (Seitzinger and Sanders, 1997) and thus do not promote excessive growth of 

periphyton when present in excess concentrations. Normally the fractions of nitrogen measured in 

regards to water quality are total nitrogen (TN) and the inorganic species, ammonium (NH4), nitrate 

(NO3), and nitrite (NO2).  

 

Nitrogen is constantly cycling through the atmosphere, biosphere, lithosphere and hydrosphere in 

one of two ways, through fast biological cycles, or a slow geological cycle (Bolin et al., 1983). The 

slow cycle refers to N that is stored in minerals and rocks and is cycled slowly over time through 

the atmosphere, oceans, crust and mantle (Johnson and Goldblatt, 2015). Nitrogen can be found in 

a variety of forms within different rock type, i.e. mantle and meteorites contain nitride minerals, 

whereas nitrate is found in silicate minerals, however, quantities are difficult to determine due to a 

lack of standardised methods (Holloway and Dahlgren, 2002). Recent research has identified that 

nitrogen can be found in concentrations ranging from ~1 mg N L-1 up to ~1000 mg N L-1 within 

rocks and sediment (Johnson and Goldblatt, 2015; Bolin et al., 1983). Nitrogen is not a large 

component of bedrock, however, the nitrogen stored in the lithosphere is inaccessible for living 

organisms and is released via the burning fossil fuels (Bolin et al., 1983).  
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The biological nitrogen cycle refers to the faster cycling of nitrogen from the atmosphere into the 

biosphere and hydrosphere. Dinitrogen gas (N2) is a major constituent of the atmosphere, 

accounting for 78% of the gas concentration and this N2(g) is drawn down by nitrogen fixation 

(Follet, 2001) (Fig. 2.1). Nitrogen fixation occurs when microorganisms, which have a symbiotic 

relationship with higher plant species i.e. legumes, convert the nitrogen gas to bioavailable forms 

of nitrogen (Vitousek et al., 1997). Once drawn into the soil nitrification, i.e. bacterial oxidation, 

occurs converting the biologically available forms of ammonium (NH4
+) to nitrate (NO3

-) (Deek et 

al., 2010). Organic forms of nitrogen in the soil are converted, by soil microbes via 

ammonification, to inorganic forms, and from inorganic forms to organic via immobilisation 

(Follett, 2001; Sauer et al., 2001) (Fig. 2.1). Both forms are available for plant uptake and used in 

photosynthesis. Nitrogen from the biosphere can additionally be lost by denitrification and returned 

to the atmosphere as nitrogen gas (N2), ammonia gas (NH3), or nitrous oxides (NO, N2O and NO2) 

(Sauer et al., 2001). Ammonia within the nitrogen cycle also forms as a by-product of urea, 

microbial decomposition, and soil processes (Fig. 2.1).  

 

Nitrogen is highly soluble and a key component in most fertilisers added to horticultural and 

agricultural production areas (PCE, 2012). During events of high precipitation excess NO3
- is 

flushed from the soil directly into surface water or percolates into groundwater sources (Fig. 2.1). 

Due to it high solubility, NH3 in the atmosphere is quickly scavenged into precipitation and reduces 

to ammonium when in solution (Follett, 2001). However, ammonium (NH4
+) readily binds to any 

negatively charged clay present (Sohn and Peech, 1958), so that soils that have low clay content 

may be more vulnerable to ammonium leaching into waterways. Conversely, since nitrate is 

negatively charged it is repelled by clay soil particles, thus allowing more excess nitrate to build up 

in waterways (Follett, 2001).  The accumulation of nitrate and ammonium within waterways, in 

addition to phosphorous, creates ideal conditions for the primary production of aquatic ecosystems, 

and can result in eutrophication and toxic algae blooms (Keeney and Hatfield, 2001).  
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Figure 2.1: The biologic cycle of nitrogen showing the movement and leaching of nitrogen into surface and 
ground water. Adapted from McLaren and Cameron (1996) and Fountain (2010).  

 

The globally averaged nitrate concentration for pristine, undisturbed rivers ranges from 50 – 200 

µg N L-1 (Meybeck, 1993). In New Zealand, there are limited studies that have assessed the natural 

background levels for nitrate.  Three approaches exist for determining baseline levels of nitrate, the 

use of reference catchments from the National River Water Quality Network (NRWQN) and the 

thresholds developed by the Australian and New Zealand Environment Conservation Council 

(ANZECC), paired catchment studies (e.g. Quinn and Stroud, 2002; McGroddy et al., 2008), or 

statistical analysis of the NRWQN to extrapolate baseline conditions (e.g. McDowell et al., 2013). 

Characterising the nitrate concentration from indigenous forest has been undertaken in several 

studies, principally in Westland, Marlborough and the Central North Island (Table 2.1).  These 

studies have consistently reported nitrate nitrogen concentrations ranging from 10 to 50 µg N L-1 

for the South Island, and values of 100 to 950 µg N L-1 in the North Island. The higher values 

observed in the North Island are attributed to volcanic aerosol deposition of nitrogen (Davis, 2014). 

The main source of nitrogen from forest catchments is principally from soil leaching, so that the 

bulk of the total nitrogen (TN) export is in organic forms, with nitrate and ammoniacal nitrogen 

only contributing to around 13 and 4% respectively (Davis, 2014). 

 

Atmospheric Nitrogen (N2) 

SOIL  

SURFACE WATER  

Soil Organic Matter  
(Organic N)  

Nitrate (NO2
-) 

Nitrite (NO3
-) 

Ammonium (NH4
+) 

Mineralization 

Nitrification 

Nitrification 

Immobilization 

Mineral Fixation 

Fertilizers 

Legumes 

Bacterial Fixation  

Manure 

Plant Uptake Denitrification 

Gaseous losses  
(N2, N2O, NO, NH3) 

Leaching and Runoff Leaching and Runoff  

Erosion  

Animal and Plant 
Uptake 



 11 

Table 2.1: Nitrogen concentrations (in mg N L-1) and leaching losses (kg N ha-1 yr-1) in streams from New 
Zealand native forests. South Island forests are mixed beech, podocarp and hardwood species, whereas 
North Island forests are podocarp and hardwood species. Total stream-water N leaching loss is the sum of 
all the individual types of N. Region: w = Westland, m = Marlborough c = Central North Island. Source: 
Davis (2014). 

 
 

Rainfall 
(mm) 

Area 
(ha) 

NO3
- NH4

+ Yield 
 

Reference 

       
South Island       
Maimaiw 2600 1.6 0.03 0.02 1.66 Neary et al. (1978) 
Maimaiw 2450 1.6 0.04 0.01  Mosley and Rowe (1981)  
Maimaiw 2450 2.6  0.05 0.01  Mosley and Rowe (1981) 
Maimaiw 2450 1.6, 2.6 0.05 <0.01  Rowe and Fahey (1991) 
Mawheraitiw 2450 406 0.01 0.01  Mosley and Rowe (1981) 
Mawheraitiw 2450 56 0.00 0.01  Mosley and Rowe (1981) 
Mawheraitiw 2450 71 0.00 0.01  Mosley and Rowe (1981) 
Big Bushm 1550 8.6 0.03 0.01 0.59 Neary et al. (1978) 
Big Bushm 1550 4.8 0.01 0.04 0.29 Fahey and Jackson (1997) 
Dunlop Creekw   0.02 <0.01  Duggan et al. (2002) 
North or West SI    0.02   Stenzel and Herrmann (1990) 
       
North Island       
Purukohukohuc 1550 28 0.81 0.01  Cooper et al. (1987) 
Purukohukohuc 1616 28 0.84 0.01 2.93 Cooper and Thomsen (1988) 
Purukohukohuc 1616 28 0.95 0.09 0.25 Cooper and Thomsen (1988) 
Whatawhatac 1720 52 0.12 0.01 2.39 Quinn and Stroud (2002) 
Whatawhatac 1720 300 0.10 0.01 2.07 Quinn and Stroud (2002) 
NI and SI   0.01 0.02  McGroddy et al. (2008) 
       
 

 

From a regulatory perspective nitrate nitrogen concentrations for ‘pristine’ or reference sites are set 

based on the protection of aquatic species.  These values were initially derived in the ANZECC 

guidelines, and then revised as a part of the National Policy Statement for Freshwater Management 

(NPS-FM), both of which were based on toxicological data for aquatic species (Table 2.2).  In 

accordance with the ANZECC guidelines in highland catchments the trigger value for nitrate is  

167 µg N L-1 and ranges between 391 – 444 µg N L-1 for lowland catchments (Table 2.2). For total 

ammoniacal nitrogen in highland catchments the trigger is 10 µg L-1 and ranges from 15 –  

21 µg N L-1 in lowland catchments (Davies-Colley, 2000). By comparison the NPS-FM recognises 

‘pristine’ catchments within the National Objectives Framework (NOF) band A, with a nitrate 

guideline of 1000 µg N L-1, with the ammoniacal nitrogen values still in draft form. It should be 

noted that the value of 1000 µg N L-1 in the NOF is 200 times higher than the range of nitrate 

nitrogen reported in pristine forested catchments from the South Island (Table 2.1), but is close to 

the upper range of values reported for the North Island (950 µg N L-1). However, it has also been 

argued that the high levels of nitrate in the North Island were largely discounted by McGroddy et 
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al. (2008) from being considered as pristine because of the high likelihood of atmospheric 

deposition of nitrogen from adjacent agricultural activity. This highlights the potential problem of 

strong regional differences in nutrient export. However, because the National Statement Policy for 

Freshwater Management delegates’ responsibility to region councils, whom set their own 

guidelines based on freshwater systems within the regional water plans.  These water plans are 

negotiated at the regional level with local authorises and key stakeholders and represent a 

community-negotiated limit for nutrients and toxicants, and thus it is important to consider 

designated regional values when developing a context for natural nitrate levels in freshwater 

systems. As shown in Table 2.2 there is considerable variability in the acceptable concentration of 

nitrogen permitted between the different regions, even in the bands that are recognising the 

protection of high value, or pristine locations. 

 

Table 2.2: The regional values of nitrate (NO3) and total ammoniacal nitrogen (NH4) set as water quality 
guideline standards, highlighting the regional differences with comparison to the previous ANZECC values. 
All values are reported in µg N L-1. 

Organisation Catchment Classification NO3 NH4 

ANZECC 
 

Highland Catchment 167 10 
Lowland Catchment 1 391 15 
Lowland Catchment 2 444 21 

Otago Regional 
Council 
  

Group 1 444 100 
Group 2 75 100 
Group 3 75 10 

Environment 
Canterbury 
 

High Ecological Value 1,000 900 
Moderately disturbed 1,700 900 
Highly disturbed  3,600 900 

West Coast 
Regional Council  

  700 900 

National Objectives 
Framework 

Band A (Pristine) 1000  
Band B (Good - Some Disturbance 95% 
protection of species) 

2400  

Band C (Fair – measurably degraded 80% 
protection of species) 

6900  

Band D (Acute, chronic effects on species) 20000  

 

1 All monitored lowland sites less than 150 m in elevation and; 2 all lowland sites less than 150 m excluding rivers with 
alpine headwaters.  
 

2.2 Phosphorus  
Phosphorus (P), like nitrogen, is essential for all living organisms. It plays a significant role in the 

metabolism, photosynthesis, and growth of plant species (Vilmin et al., 2015). Naturally 

phosphorus is derived from rock weathering, but is also found within the atmosphere, vegetation 
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and from the erosion of riverbanks (Withers and Jarvie, 2008). The quantity of phosphorus from 

rock erosion is regarded as trace amount; i.e. 0.04% is found within sandstones and 0.4% in 

intermediate igneous rocks (Cook, 1984). The hydrological cycle acts as one of the main driving 

forces for transferring phosphorus from the land to freshwater and coastal marine environments, as 

precipitation and runoff provide energy for phosphorus movement and mobilisation (Leinweber et 

al., 2002). The cycling of phosphorus involves a range of physico-chemical processes that are 

influenced by catchment hydrology, chemistry, and lithology, making it a complex cycle (Caraco, 

2009). Within rivers phosphorus is most commonly found as the orthophosphate molecule, its most 

oxidised form. In the global context the cycling of phosphorus is long, and transfers across a wide 

scale from 100 – 1000s of km (Caraco, 2009), where rivers play a vital role in transferring 

phosphorus from weathered terrestrial material to coastal regions. At the catchment scale 

phosphorus cycling can still be slow because phosphorus does not have a gaseous state (Fountain, 

2010; Caraco, 2009), and is tightly cycled through the soils and present flora (Leinweber et al., 

2002; Richardson et al., 2004). Inorganic phosphorus is stored within soil and is readily available 

for plant uptake, plants then convert the phosphorus to an organic form, as the plant matter then 

dies the organic phosphorus is returned to the system in the form of inorganic phosphorus, as a 

result of mineralisation during decomposition, excretion, and enzyme breakdown (Baldwin et al., 

2002; Leinweber et al., 2002; McLaren and Cameron, 1996) (Fig. 2.2).  

 

Within the phosphorus cycle the processes of absorption and desorption (phosphorus fixation) 

occurs between dissolved phosphorus and sediment bound phosphorus (Fig. 2.2) and involves a 

number of differing variables, such as pH and the composition of organic matter (Leinweber et al., 

2002; Jones 2004; Fountain 2010). Soluble phosphate reacts with the surface of the soil colloid but 

is still available for uptake (Frost, 2004). Once absorbed the phosphorus is in a labile state and 

mineralises slowly (McLaren and Cameron, 1996). On the other hand, sediment-bound phosphorus, 

which can range from 1 nm (the soil colloid) to soil masses up to 10 mm in size, is mobilised or 

eroded during precipitation events and leached into surface water (Doughterty et al., 2004). 

 

In freshwater systems phosphorus naturally occurs in very low concentrations, making it a 

biologically limiting constituent (Vilmain et al., 2015; Correll 1998). However, due to the rapid 

expansion of urban areas and agricultural development, particularly within New Zealand, there has 

been a widespread enrichment of phosphorus in freshwater systems due to increased use of 

anthropogenic-derived phosphorus (Withers and Jarvie, 2008; Parkyn and Wilcock 2004; 

Leinweber et al., 2002).  

 

The anthropogenic application of phosphorus as fertiliser to the land has increased with the demand 

of agricultural and increased crop production. Various studies have linked the increased use of 
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phosphorus-based fertilisers with the increased portion of phosphorus found within freshwater 

systems (e.g. Parkyn and Wilcock 2004; Sharpley 2002; Leinweber et al., 2002; Woodward, 2013). 

When the addition of phosphorus to the land surface occurs, excess phosphorus builds up within 

the top few millimetres of the soil surface (McLaren and Cameron, 1996; Fountain 2010). As a 

result, during a rainfall event excess phosphorus is eroded and leached from the soil and 

transported through overland flows and sub-surface pathways into nearby rivers (McLaren and 

Cameron, 1996; Parkyn and Wilcock, 2004). Agricultural activity also increases bank instability, 

erosion, and runoff resulting in an increased delivery of suspended sediment to rivers (Parkyn and 

Wilcock, 2004). The phosphorus bound to soil particles once in a river can be lost from the system 

to burial in the channel and riverbanks, but can also be easily remobilised under high flow 

conditions (Bowes et al., 2003). 

 

Phosphorous is considered biologically limiting, which means there is insufficient phosphorus in 

the ecosystem to support higher order species.  Thus, in pristine waterways the lack of phosphorus 

typically limits ecosystem flora to diatoms and unicellular organisms. However, when phosphorus 

concentrations are increased, the excess phosphorus introduced into freshwater systems is retained 

and used in biological processes (Correll, 1998).  The retention of phosphorus can then lead to 

increased primary productivity, high rates of decomposition, and depletion of dissolved oxygen 

resulting in eutrophication (Novotny, 2003). Phosphorus enrichment, or states of eutrophication, 

can ultimately lead to environmental, economic, cultural, and health related issues (Withers and 

Jarvie, 2008) (see: Section 2.2.1).  

 

In aquatic environments phosphorus can be present in different fractions: organic (e.g. sugars, 

nucleic acids and enzymes) or inorganic (e.g. mineral sources like orthophosphate) (Vilmin et al., 

2015). Particulate organic phosphorus is comprised of organic matter, such as living or solid 

detrital matter, and dissolved organic phosphorus is an intermediate state in which mineralisation 

of solid organic matter is occurring (Vilmin et al., 2015). Dissolved reactive phosphorus is the 

reactive portion of mineral dissolved phosphorus, which is the only form of inorganic phosphorus 

that can be used by organisms (Vilmin et al., 2015; Jarvie et al., 2002). When assessing water 

quality the fractions of phosphorus commonly investigated are dissolved phosphorus (PO4) and 

total phosphorus (TP). Dissolved reactive phosphorus is used as an indicator of the phosphorus that 

is available for biological uptake, particularly the amount available allowing for nuisance algae 

growth and eutrophication (Davies-Colley and Wilcock, 2004), whereas total phosphorus is an 

indicator of the potential amount of phosphorus free for nutrient cycling and can also indicate the 

amount of phosphorus lost by leaching (Leinweber et al., 2002). 
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Figure 2.2: A cycle of phosphorus showing the movement and conversion of phosphorus into, and through, 
the soil substrate and the process of leaching, erosion and deposition of phosphorus into surface and ground 
water. Adapted from Fountain (2010). 

Globally the concentration of phosphorus in rivers is strongly affected by dramatic increases in 

phosphorus associated with the widespread use of fertilisers, and levels have been rising steadily 

since the 1950s (Meybeck, 1993a).  Natural levels of phosphorus, however, range from 1 to 40 µg 

P L-1 depending on local conditions and lithology (Meybeck, 1993). The natural concentrations of 

phosphorous in New Zealand (Table 2.3) rivers is low because the natural sources of phosphorous 

are low, and there is conservative cycling of phosphorus within forest soils (e.g. Richardson et al., 

2004). Rosen and Jones (1998) reported a median phosphorus concentration of 1 µg P L-1 from a 

tussock grassland catchment in Otago. Slightly higher concentrations of phosphorus have been 

reported in a native forest catchment within a volcanic region of the North Island with a median 

concentration of 4 µg P L-1 (Cooper and Thomsen, 1988),  and low impact catchments in Southland 

were reported to have median concentration of  1 – 5 µg P L-1 (Hamill and McBride, 2003) (Table 

2.3). A multi-river assessment of nutrient status of first order streams in both the north and south 

islands by McGroddy et al. (2008) reported median phosphate phosphorus concentration of  

3 µg P L-1. Generally these studies suggest that it phosphorous in pristine waterways should be 



 16 

 < 4 µg P L-1. The exception to this is areas of intense geothermal activity, where mineral 

phosphorus is one to two orders of magnitude higher in spring water (e.g. Timperley, 1983), and in 

regions of significant volcanic lithology (e.g. Banks Peninsula) there may be higher phosphorus 

concentrations in runoff (Stevenson et al., 2010). 

 

Table 2.3: Median phosphate phosphorous (PO4) concentrations reported in New Zealand, with the 
associated catchment type and source of the data provided.  

Catchment Description PO4 (µg P L-1) Source 
   
Tussock grassland, Otago 1.0 Rosen and Jones (1998) 
Native forest and scrub, Westland 1.4 Duggan et al. (2002) 
First order stream with old forest growth 3.0 McGroddy et al. (2008) 
Native forest, volcanic region 4.0 Cooper and Thomsen (1988). 
Low impact, Southland 1.0 – 5.0 Hamill and McBride (2003) 
High country agricultural catchment 1.7 – 3.0 Caruso (2000) 
Upland Canterbury rivers 1.0 – 8.0 Stevenson et al. (2010) 
Rivers of all elevation zones (NRWQN) 6.0 Larned et al. (2004). 
Mixed pasture and Native forest, Waikato 15.8 Duggan et al.  (2002) 
Low-elevation rivers 16.0 Larned et al. (2004) 
Spring fed Canterbury Streams 1.0–35.0 Stevenson et al. (2010) 
Geothermal springs, Lake Taupo 60.0 – 120.0 Timperley (1983) 
   
 

In New Zealand, under the advisement of the ANZECC guidelines the ‘trigger’ values, 

recommended phosphorus concentrations were < 10 µg P L-1 of dissolved reactive phosphorus. 

Since the implementation of the NPS-FM in 2014, however, the new guidance document does not 

specify or indicate a maximum concentration of dissolved reactive phosphorus, which should be 

considered as a bottom line value. This is a potential shortcoming of the NPS-FM as its objective is 

to safeguard riverine environments and aquatic communities, and the lack of any clear central 

government guidance on managing riverine phosphorus is unusual and not in keeping with the 

regulatory frameworks of other organisations, like the US-EPA (2015). The characterisation that 

eutrophication problems in freshwater systems can be controlled by just limiting phosphorus is 

flawed because organisms have multiple nutrient requirements (US-EPA, 2015). Despite the lack 

of guidance for phosphorus management in the NPS-FM, local authorities have continued to 

monitor phosphorus and set a range of limits depending on the region. For instance, the Otago 

Regional Council (ORC) set their targets for the maintenance of phosphorus concentrations to 

assist in increasing the health of local freshwater ecosystems, with their high value pristine 

waterways being mandated to have phosphate phosphorus concentrations < 5 µg P L-1 and in line 

with the ANZECC guidelines. By comparison the approach of Environment Canterbury is to 

ensure that the concentration of phosphorus in Canterbury should not exceed 0.026 mg P L-1 for 

more than 20 days, 0.006 mg P L-1 for more than 30 days and 0.001 mg P L-1 for more than 100 to 

prevent the flourishing of periphyton growth, or a state of eutrophication (Hayward et al., 2009). 



 17 

For the West Coast Regional Council (WCRC) they still implement the original Ministry for the 

Environment value recommended in 1991 of 0.03 mg P L-1 (WCRC, 2015)(Table 2.4).  

 

Table 2.4: The ANZECC, NPS-FM, ORC, ECan and WCRC bottom line values set for phosphorus (PO4) 
concentrations within rivers, highlighting the shift from nationally set standards through to regional 
objectives. All values reported in µg P L-1. 

Organisation Classification PO4 

ANZECC 
  
  

Highland Catchment 6 
Lowland Catchment 1 9 
Lowland Catchment 2 10 

National Policy Statement   – 

Otago Regional Council 
  
  

Group 1 26 
Group 2 10 
Group 3 5 

Environment Canterbury 
  
  

Exceeding 100 days 1 

Exceeding 30 days 6 
Exceeding 20 days 26 

West Coast Regional Council   30 

 

1 All monitored lowland sites less than 150 m in elevation and; 2 all lowland sites less than 150 m excluding rivers with 
alpine headwaters.  
 

2.2.1 Eutrophication and Stoichiometry 

Eutrophication is an aquatic state that is caused by the increase in a nutritive factor, or multiple 

nutritive factors, i.e. nitrogen, phosphorous, silicon or carbon, which causes increased primary 

production of aquatic organisms, such as periphyton (Biggs, 2000; Dodds, 2006; McDowell et al., 

2009; Khan and Mohammad, 2014). Periphyton is mainly an algae, which in low abundances is 

used as a food sources in aquatic food webs (Snelder et al., 2014), however, when provided with 

excess nutrients, prolific growth can occur, shifting the state of the river or stream from 

oligotrophic to eutrophic. Eutrophication is detrimental to aquatic environments because: it reduces 

habitat quality; causes suffocation of the system by consuming dissolved oxygen as organisms 

decompose on senescence; causes loss of biodiversity especially the loss of pollution sensitive 

invertebrate taxa; and it alters the water chemistry by changing the pH and decreasing the dissolved 

oxygen concentrations, which can ultimately lead to fish kill (Biggs, 2000; Hart et al., 2013; 

Snelder et al., 2013). Increases in the level of nutrients delivered to an aquatic community and 

changes in the flow regimes can alter the abundance of periphyton by changing the local nutrient 

budget (Clausen and Biggs, 1997; Dodds et al., 2002).  In particular, nitrogen and phosphorous 

delivered to an aquatic community have been identified as stimulating excessive periphyton growth 

because they are normally the primary limiting nutrients (Dodds et al., 2002). Nutrient limiting 

refers to nutrient that are frequently in short supply relative to cellular growth requirements, 
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therefore, when the delivery of excess nitrogen and phosphorous occurs, rapid uptake begins and 

prolific growth of periphyton is stimulated (Dodds et al., 2002; Snelder et al., 2014). Other 

nutrients, such as carbon, can also cause eutrophication; although carbon is not usually a limiting 

nutrient it can still cause eutrophication when excessive concentrations are delivered i.e. through 

point sources such as sewage seepage (Dodds 2006; McDowell et al., 2009). 

 

In freshwater ecosystems stoichiometry refers to the balance of nutrients. Redfield (1958) first 

developed the concept of nutrient stoichiometry in oceans, at multiple depths, and showed that 

there was a molar 16:1 ratio of available nitrogen (N) to phosphorous (P). Since then, the 

availability of nitrogen and phosphorous in relation to each other has received attention to form a 

comprehensive understanding of the dynamic interaction that occurs between the two nutrients, 

particularly in response to increasing levels of eutrophication, in both aquatic and near-shore 

marine environments. The ratio of N:P will vary spatially as the factors that control the 

concentration of each element change across a catchment or landscape (Green et al., 2007). In an 

aquatic environment, if the ratio exceeds 17:1 there is a limiting amount of phosphorus present, 

conversely if the ratio is below 10:1 it indicates nitrogen is limited (Ekholm, 2008).  For example, 

in a phosphorus-limited environment there is insufficient phosphorous to allow for effective growth 

of periphyton or higher order aquatic plant species, therefore, the development of the community is 

limited by the concentrations of phosphorous (McDowell et al., 2009; Garnier et al., 2010). As 

stated above, the delivery of excess nutrients, such as phosphorous and nitrogen, will ultimately 

alter the stoichiometry.  

 

To effectively manage and mitigate the detrimental effects that come from a change in 

stoichiometry both nitrate and phosphorous should be monitored within New Zealand, not only 

individually but also in proportion to each other. However, under the new NPS-FM there is no 

recommendation or requirements set out for the monitoring of phosphorous levels in New Zealand. 

Under the previous water quality guidance documents (ANZECC), the recommended guidelines 

ranged from 6 µg P L-1 in highland catchments up to 10 µg L-1 in lowland catchments (Table 2.4). 

The selection of regional councils within New Zealand that have chosen to still monitor 

phosphorous levels continue to use these set values.  For the councils that choose to take the 

reactive response to measuring water quality, there is an associated NOF for periphyton levels 

attached to the NPS-FM. The NOF recommends, for a band of different environments (A-D), the 

bottom line level of periphyton growth, which if exceeded should triggers further investigation into 

the state of that particular river (Table 2.5). The exclusion of phosphorous in rivers from the NOFs 

has further highlighted the lack of an integrated approach to water quality management in New 

Zealand. The lack of integrated water quality management is also highlighted by the paucity of 
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information regarding other stoichiometric relationships in New Zealand waters such as the carbon 

to nitrogen to phosphorous ratio (C:N:P) and the silicon to nitrogen ratio (DSi:N).  

 

Table 2.5: Summary of the proposed National Objectives Framework bands of periphyton bottom line levels. 
Periphyton is denoted by Chlorophyll α in mg m2 and the description of the ecosystem levels is provided. 
Source: Snelder et al. (2014).  

Ecosystem Band Chlorophyll α  Ecosystem Type 
   

A <50 Rare blooms reflecting negligible nutrient enrichment and/or 
alteration of the natural flow regime or habitat.  

B 50-120 Occasional blooms reflecting low - moderate nutrient enrichment 
and/or alteration of the natural flow regime.  

C 120-200 Periodic short- duration nuisance blooms reflecting moderate - high 
nutrient enrichment and/or alteration of the natural flow regime.  

D >200 
Regular and/or extended-duration nuisance blooms reflecting high 
nutrient enrichment and/or significant alteration of the natural flow 
regime.  

 

2.3 Silicon 
Silicon (typically in the form of silica – SiO2) is the second most abundant element in the earth 

crust and occurs in more than 370 rock-forming minerals (Somner et al., 2006). The concentration 

of silica is entirely derived from silicate weathering; therefore, the amount of silica in waterways 

depends on the mineral composition of the underlying geology, topography and regional 

temperature (Berner and Berner, 2012). For example, rocks with a high resistance to weathering 

produce lower concentrations of silica (i.e. quartz). Similarly, carbonate-rich deposits, like 

limestone, are also typically silica-poor.  

 

The cycling of silicon occurs in both the terrestrial and oceanic environment (Conley, 2002). 

Within the ocean 80% of the silica is from the terrestrial environment, transported and delivered 

via riverine systems and the remaining 20% is from dust and hydrothermal sources  (Somner et al., 

2006). Silica derived from erosion is normally integrated directly into rivers from chemical 

weathering and ion exchange on mineral surfaces, but it is also cycled through the litho- and 

biospheres, where it is converted to a biologically available state (Struyf and Conley, 2012) (Fig. 

2.3) and this is also the main process that leads to soil formation. Silica occurs in three phases 

within soils; primary minerals from the parent material (i.e. rocks), secondary minerals from soil 

formation processes and secondary microcrystalline minerals, and as result of soil formation 

processes (Somner et al., 2006) (Fig. 2.3). Silica occurs as either dissolved (DSi) or particulate 

(PSi) forms, with the flux of PSi being greater than the quantity of DSi fluxed through the riverine 

environment (Durr et al., 2011), however, it is the dissolved forms that are essential for biological 

uptake. Plants can uptake some forms of silica and deposit silica back into the environment in the 
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form of amorphous silica (Carey and Fulweiler, 2013). The amorphous silica can then be mobilised 

by hydrological flow pathways and be transported and deposited into rivers and lakes, where it is 

again used in biological uptake (Fig. 2.3).  

 

Plants exposed to low concentrations of silica are structurally weaker, can experience abnormal 

growth, and are more susceptible to environmental stressors (Conley, 2002), therefore, it is an 

important macronutrient for plant form and function. In marine and freshwater ecosystems, silica is 

used in primary production and phytoplankton community structure (Stelzer and Likens, 2006; 

Chapman, 1996), and by marine invertebrates for exoskeleton construction (i.e. molluscs, 

crustaceans and sea urchins for shell formation) (Somner et al., 2006).  Given the ubiquitous 

sources of silica from rock weathering and biogenic cycling (Struyf and Conley, 2012), as well as 

its fundamental role in plant growth and aquatic shell development, it is surprising that silica 

concentrations in waterways are rarely monitored. The natural concentration of silica primarily 

reflects the local geology and erosion rates, and given that it is chemically conservative, its 

concentration is rarely affected by chemical reactions within the hydrosphere (Leibundgut et al., 

2009). Furthermore, silica is relatively unaffected by anthropogenic activities, so that its 

concentration in water is considered conservative, with the exception of the construction of dams 

(Frings et al., 2014) and intense abstraction of groundwater, which interfere with the localised 

natural cycling.   

 

Silica is at its greatest concentrations within groundwater where mineral exchange and weathering 

occurs. The protracted contact time that water has with the silicate minerals means that silicate 

concentrations are higher than that observed in surface water. By contrast, silica is typically below 

detection limits in rainwater, except for in very arid environments where silica may be transported 

in environmentally significant quantities as dust (Conley et al., 2012). Globally the concentration 

of riverine silica is reported in the range of 7.6 to 10.4 mg SiO2 L-1 (Meybeck and Ragu 2012; 

Gaillardet et al., 1999), with higher values typical of rivers that have significant groundwater 

interaction. The concentration of dissolved and particulate silica delivered to a river or ocean 

environment also responds to land use change. For instance, land uses, such as agriculture and 

forestry, have a higher rate of erosion and runoff allowing for greater redistribution of silica via 

hydrological pathways (Carey and Fulweiler, 2013). Typically, the highest fluxes of silicon in the 

riverine system are from areas of high physical erosion (Gaillardet et al., 1999), like the high 

standing islands of the Pacific rim (Lyons et al., 2002). However, White and Blum (1995) 

contended that at a local scale with small rivers the rate of physical erosion is actually of less 

importance, and the concentration of silica was much more strongly controlled by runoff and 

temperature.  
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Figure 2.3: The silica cycle as it connects through the biosphere, lithosphere and hydrosphere. Silica is 
principally derived from rock weathering but transformed through biogenic processes that operate in soils 
and vegetation.  Both amorphous and dissolved silicon can be transferred to the hydrosphere either by direct 
runoff, or via exchange through the biosphere. Adapted from Struyf and Conley (2002). 

Silicon is a vital constituent for the survival of aquatic communities, but it is not monitored within 

the national or regional policies for New Zealand freshwater water quality standards. Admittedly, 

silica is seldom of concern in New Zealand, but is of great interest in terms of fluxes to the ocean 

and marine environments (Davies-Colley and Wilcock, 2004). In particular, silicon is essential for 

diatom metabolism, and if limited, this can result in blooms of potentially lethal algae (Ittekkot et 

al., 2006). The relationship between terrestrial freshwater and marine environments is strong in 

New Zealand, with more than 300 significant estuaries around New Zealand’s coastline, being 

directly fed nutrients from freshwater systems (McDowall, 2010). So any perturbations to the 

nutrient balance in the river systems has a direct impact on the near coastal zone. One of the 

potential risks of declining silicon levels in the ocean is that under silicon-limited conditions, 

cyanobacteria may flourish (Ittekkot et al., 2006).  As a result, eutrophication problems in coastal 

marine ecosystems are intensifying because of the increased delivery of nutrients from connecting 
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freshwater ecosystems (Garnier et al., 2010).  In the instance, where silicon concentrations (in 

molar equivalents) are equal to, or less than that of nitrogen a stoichiometric imbalance occurs. The 

imbalance between nitrogen, phosphorus and silica reduces the biological uptake of silica, thus 

causing the excessive growth of undesirable non-diatoms (especially blue-green algae) (Justic et 

al., 1995). Historically the concentration of silica within aquatic systems was higher than that of 

nitrate and phosphorus (Ittekkot et al., 2006). Over the last century, levels of silica have been in 

decline and nitrate and phosphorus are increasing (Lane et al., 2004). Thus, it is important to 

consider not only the concentration of each nutrient, but also how these concentrations relate to 

each other.  For example, silica can be incorporated into the stoichiometry investigations of rivers 

using molar N:P:Si ratios (16:1:16) (Pandey and Yadav, 2015). Like that of the N:P ratio, shifts 

away from the 16:1:16 balance can influence phytoplankton growth, water quality, aquatic 

community structure and the local food web (Pandey and Yadav, 2015). Silica limited 

environments are just as detrimental as those with limited nitrogen or phosphorus.  

 

2.4 Carbon 
The global carbon cycle and the need to understand the extent of atmospheric change driven by 

anthropogenic processes, has attracted considerable attention over the past twenty years. 

Estimations of carbon flux in and out of the troposphere are required to quantify the impacts of 

anthropogenic increases in carbon  (Willey et al., 2000); therefore, the global flux of riverine 

carbon has become increasingly important (Ludwig, 1996). The carbon cycle itself is complex and 

dynamic with many known sources (Fig. 2.4), reservoirs and sinks including the atmosphere, 

oceans, rocks, land biota and freshwater. The carbon cycle is also dependent on a number of 

physical and biological interactions and the movement of air and water through the various spheres 

(Bolin et al., 1979). Accounting for the global flux of carbon is not only politically imperative, but 

is also exceedingly difficult to do as carbon exists in many forms including: particulate, inorganic, 

organic and dissolved; all derived from differing sources depending on the fraction of carbon 

(Table 2.6). From a riverine perspective carbon is a vital element required to maintain a functioning 

aquatic community (Bolin et al., 1979); both as an important food source, but also acting as an 

important component of chemical buffering for maintaining aquatic function.  
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Figure 2.4: The carbon cycle as it connects through the biosphere, lithosphere and hydrosphere. Dissolved 
inorganic carbon is derived from rock weathering but transformed through biogenic processes that operate 
in soils and vegetation.  Organic carbon is transferred to the hydrosphere either by direct runoff or via 
exchange through the biosphere. 

 

2.4.1 Dissolved Organic Carbon (DOC) 

Dissolved organic carbon (DOC) is regarded as important feature of water quality through its 

influence on chemical, physical and biological processes in both surface water and estuary 

ecosystems (Moore, 1989; Eckhardt and Moore, 1990; Aitkenhead and McDowell, 2000; Jutras et 

al., 2011), therefore, it cannot be neglected when considering local and global carbon cycles 

(Aitkenhead and McDowell, 2000; Jutras et al., 2011). Dissolved organic carbon acts as a source of 

energy for aquatic organisms and plays a key role in the productivity of aquatic ecosystems 

regarding light penetration and absorption (Eckhardt and Moore, 1990; Eimers et al., 2008, Jutras 

et al., 2011). Additionally via the formation of organic complexes DOC controls pH, solubility and 

the transport of metals, pollutants and nutrients (Moore, 1989; Eimers et al., 2008). In high 

concentrations DOC can be detrimental to aquatic ecosystem by modifying the water chemistry 

(Liu et al., 2014).  
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Table 2.6: The forms of riverine carbon and their natural origins. Source: Meybeck (1993b).  

Major-Specific Forms Natural Origins 

Total Carbon 

Dissolved Carbon 

DIC (dissolved 
inorganic carbon) 
HCO3

-   CO3
-    CO2 

Atmospheric and soil carbon dioxide 
Carbonate mineral weathering 

DOC (dissolved 
organic carbon) 
Humic and fluvic 
acids 

Soil Leaching 

Particulate Carbon 

POC (particulate 
organic carbon) 

Soil erosion 
Sedimentary rocks 
Autochthonous 

PIC (particulate 
inorganic carbon)  
 

Autochthonous 
Sedimentary Rocks  

 

Dissolved organic carbon is composed of a wide range of molecules, ranging from fulvic and 

humic acids to sugars (Liu et al., 2013; Van der Berg et al., 2012) and is an important feature of 

water quality contributing to the acidity of natural waters via organic acids (Moore, 1989). 

Depending on the nature of the drainage catchment (e.g. forest versus wetlands), the concentration 

of dissolved organic carbon will vary from naturally high to naturally low concentrations (Moore 

and Jackson, 1989). In natural waters DOC can range from < 1 – 50 mg C L-1 (Thurman, 1985; Liu 

et al., 2013). The sources and flux of riverine DOC has been well investigated, with Moore (1989) 

outlining that the movement and flux of DOC is dependent on a range of biological and 

hydrological processes within a catchment. The flux of DOC can vary from high to low depending 

on the nature of the drainage catchment (Moore and Jackson, 1989), and can change from little 

variation (e.g. Carey et al., 2005) to erratic trends and fluxes (e.g. Mulholland and Hill, 1997). The 

dominant sources of DOC within a catchment have been identified as soil and topographic 

variables (Moore and Jackson, 1989; Mulholland and Hill, 1997; Aiktenhead and McDowell, 2000; 

Carey et al., 2005; Lui et al., 2013). In soils DOC is derived from microbial activity, 

decomposition of plant and soil organic matter, and is secreted from plant roots (van der Berg et 

al., 2012). The concentration of DOC that can move from the soil to the river system is dependent 

on the type of soil (i.e. the organic matter content within the soil) and the depth of the mineral soil 

(Lui et al., 2013). Within upland soil the main source of DOC is from the decomposition of soil 

organic matter, with concentrations declining by 50-90% with percolation as DOC is adsorbed by 

mineral surfaces  (Eimers et al., 2008), therefore the hydrologic flow pathways within a catchment 

will strongly influence the source and flux of DOC (Moore 1989; Eimers et al., 2008). Other 

sources of DOC within a catchment include vegetation, wetlands, stream organic debris and 

precipitation, with runoff dynamics still controlling the quantity of DOC delivered to a river 

(Moore, 1989; Eckhardt and Moore, 1990; Willey et al., 2000; McGlynn and McDonnell, 2003). 
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2.4.2 Dissolved Inorganic Carbon (DIC) 

Dissolved inorganic carbon (DIC) in rivers is derived from dissolved atmospheric carbon dioxide 

(CO2) and carbonate mineral weathering (Table 2.6). Carbon dioxide exchanges between a 

dissolved and gaseous state in the presence of gaseous CO2 and water (Equation 2.1).  

  

 CO 2 (g) + H2O ↔ CO2 aq  + H2O  (Eq. 2.1) 

 

Once CO2 is aqueous it can develop in a variety of forms, in most rivers the aqueous CO2 rapidly 

interacts with water to form carbonic acid, bicarbonate and carbonate (Equation 2.2). This reaction 

occurs in an equilibrium state.   

  

 CO2 (aq) + H2O ↔ H2CO3  (Eq. 2.2) 

 

DIC is important for freshwater ecosystem function. The reaction of the different forms controls 

the buffering process against changes in pH and aids in the availability of CO2 for photosynthesis 

within aquatic communities. The concentration and flux of DIC influences the pH level, autotroph 

composition and steam biochemistry of natural freshwater systems (Finlay, 2003). Bicarbonate ions 

and carbonic acid, formed from chemical weathering, are the key controllers of the total alkalinity 

in natural freshwater systems. Shifts in the alkalinity of pH can dramatically influence the 

community composition. Most aquatic communities are sensitive to shifts in the pH of surface and 

groundwater; with fish kill and population reduction occurring once the pH moves outside of the 

tolerance limits (Novotny, 2003). In natural freshwater ecosystems the pH ranges from 6.0 – 8.4 

(Meybeck, 1993). Combined carbon dioxide, carbonic acid, bicarbonates and carbonates represent 

the total concentration of inorganic carbon within a freshwater system (Mook, 2006). The evolution 

of DIC within surface water is complicated by the internal dynamics of the river system. 

Photosynthesis, respiration and decomposition actively alter the flux of CO2 in freshwater systems, 

altering the concentration of carbon derived from inorganic sources (Hope et al., 1994, Abongwa 

and Atekwana, 2013).  
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Table 2.7: Comparison of reported concentrations of dissolved carbon in fluvial systems around the world 
and their relative carbon yields. 

 
Location DIC  

(mg C/L) 
DIC Yield 
(t km-2 a-1) 

DOC  
(mg C/L) 

DOC Yield  
(t km-2 a-1) 

Source 

      
Asia  9.8  3.9 Huang et al., 2012 
Java 24 – 48 28.9 12 – 36 21.7 Aldrian et al., 2008 
Changjiang   11.2  5.7  Cai et al., 2008; Gan et al., 1983 
Xishauangbanna 6.0  2.0 – 2.6 3.7 0.8 – 1.3 Zhou et al., 2013 
Himalaya 0.6 – 14.7   67 Sharma and Rai 2004; 

Chakrapani and Veizer 2005 
      
North America  3.3  3.16 Huang et al., 2012 

USA 18.8 – 53.8 10.3 – 11.3 1.5 –10 0.1 – 5.8 
Jin et al., 2015; Cai, 2003 
Wilson et al., 2013; Jones and 
Schilling 2012;  

Canada 0.6 – 8.4 3.5   Telmer and Veizer 1999 
Arctic/Alaska 9.8 – 21.5 1.4 – 2.8 5.1 1.2 – 4.6 Tank et al., 2012; Guo et al., 

2012; Dornblaser et al., 2015 
 
South America 
Venezuela    4.8 – 5.3 Lopez et al., 2012; Lewis and 

Saunders 1989 
Guadalupe 2.1 – 10.2 2.3 – 19.6 0.4  – 7.2 1.6 – 35.7  Lloret et al., 2011 
Parana  2.0  1.4  Cai et al., 2008; Depetris and 

Cascante 1985 
Patagonia 7.9 –  63.5 0.5 – 12.7 0.7 – 10.3 0.1 – 1.2 Brunet et al., 2005 

Amazon 7.2    Ternon et al., 2000; Moreira-
Turcq et al., 2003 

 

Europe 
Scotland 0.2 – 0.7 0.12 2.8 – 14.5  8.3 – 16.9  Dawson et al., 2002 
Sweden  1.0 – 3.3  0.8 – 2.3 Giesler et al., 2013 
Finland    5 – 10  Aitkenhead and McDowell 2000 
      
Africa  0.6  1.0  Huang et al., 2012 
Cameroon 3.1 – 16.4  1.3 – 33.5  Brunet et al., 2009 
Zaire  9.9  2.5  Nkounkou and Probst 1987 
      
Oceania  3.4  0.7 Huang et al., 2012 
Papua New Guinea 12.0   5.8 Alin et al., 2008 
New Zealand 3.6 – 7.2 n.d. 0.1 – 4.0 0.6 – 5.2 Carey et al., 2005; Gray et al., 

2011 
 

2.4.3 Carbon Isotope (δ13C) 

As previously described dissolved inorganic carbon (DIC) in surface and ground water originates 

from the dissolution of carbonate minerals (CaCO3) from rock weathering, atmospheric carbon 

dioxide (CO2) dissociated as carbonic acid (H2CO3) in water, and CO2 (g) dissociated to carbonic 

acid in soils from the respiration of microbial activity during organic matter decay. Each of these 

carbon sources has a distinct isotopic ratio (that is the 13C:12C ratio) making 13C a conservative and 
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natural tracer through the hydrosphere (Findlay 2003), which can be used to determine the sources 

of carbon within a catchment (Leibundgut et al., 2004).  If the potential sources of carbon can be 

determined as having distinct 13C:12C ratios, then the sources of carbon can be inferred for a 

receiving water body. Atmospheric sources of CO2 have DIC ratio of δ13CVPDB
1 approximating  

-8‰, although the atmospheric concentration is gradually becoming more negative over time as 

more fossil carbon accumulates in the atmosphere (Mook, 2006). During the dissolution of 

atmospheric CO2 into water, fractionation occurs, so that the δ13CVPDB of aqueous CO2 

approximates -1‰ (Zhang et al., 1995; Chakrapani and Veizer, 2005). Mineral sources of 

carbonate, e.g. calcite CaCO3 from marine rocks like limestone, typically range from δ13CVPDB of 0 

to +2‰ (Mook, 2006). During the dissolution of carbonate in water carbon dioxide is consumed 

during the chemical weathering process, so that for every mole of CO2 consumed is equivalent to 1 

mole of calcium (Eq. 2.3) or magnesium (Eq. 2.4) that is released into water. 

 

 CO2 (aq) + H2O → H2CO3 + CaCO3 → 2HCO3 (aq)
- + Ca(aq)

2+   (Eq. 2.3) 

 

 CO2 (aq) + H2O → H2CO3 + MgCO3 → 2HCO3 (aq)
-  + Mg(aq)

2+   (Eq. 2.4) 

 

The dissolution of carbonate minerals in solution has the effect of consuming 1 mole of carbon 

from carbonic acid, typically derived from the atmosphere and fractionated into water (e.g. 

d13CVPDB -1‰), and 1 mole of carbon derived from calcium carbonate (e.g. δ13CVPDB +2‰) (Mook, 

2006). A simple mixed model would produce a d13CVPDB 0‰, that is, half way between two end 

members. Similarly, the dissolution of silicate-bearing rocks (e.g. CaSiO3) also consumes CO2 at a 

ratio of 1 mole of CO2 for every 1 mole of silicate (SiO2) released. In this way, the amount of 

dissolved inorganic carbon in water is also empirically connected to the production of silica into 

waterways. The produced carbonate (CaCO3) is also then available for dissolution and 

consumption of CO2. 

 

 CO2 + H2O → 2H2CO3 + CaSiO3 → SiO2 + CaCO3 + H2O  (Eq. 2.5) 

 

                                                        
1 The standard for expressing isotopic ratios is to use delta notation, which is a scale of relative abundance of the sample 
to a known isotopic standard. A delta notation of 0 indicates there is no difference in the isotopic ratio of the heavy to 
light isotope compared to the standard (which is specified as a subscript, in this instance as VPDB – Standard Vienna Pee 
Dee Belemnite). Negative delta notation indicates less heavy isotope relative to the standard, positive delta notation 
indicates more of the heavy isotope relative to the standard. 
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The dissolution of silicate minerals consumes 1 mole of CO2, typically derived from the 

atmosphere (e.g. δ13CVPDB -8‰) and since this is the only source of carbon in the dissolution 

process the δ13CVPDB remains the same as the donor CO2, that is, approximating δ13CVPDB -1‰ 

(Mook, 2006).  However, carbonic acid also forms in soils from the dissolution of CO2 (g) during 

microbial respiration (Findlay, 2003), although it is more common for CO2 to remain as a dissolved 

gas, rather than dissociate into water as carbonate due to the partial pressure of CO2 in soils relative 

to the atmosphere (Cerling et al., 1991).  The decomposition of organic carbon is transformed to 

inorganic carbon via respiration as it is released as CO2 (g). In the presence of water and aqueous 

CO2, the hydrolysis of minerals also occurs, consuming the CO2.  The δ13CVPDB of soil CO2 is 

principally produced from the decomposition of organic matter, so retains a δ13CVPDB ratio similar 

to that of the organic material (Cerling et al., 1991), and in this way the δ13CVPDB tracer connects 

the dissolved organic carbon conversion to inorganic forms (Fig. 2.5).   

 

 
Figure 2.5: Conceptual diagram of the sources of dissolved inorganic carbon. 

Terrestrial sources of 13C are fractionated during plant uptake across stomata, and are depleted in 

their 13C:12C ratio depending on the type of plant and its nutrient uptake requirements, and its 

ability to moderate water loss under stress (Mook, 2006). C3 pathway plants are mostly trees and 

have δ13CVPDB ranging from -32 to -22‰, whereas water-stressed plants follow a C4 pathway and 

have δ13CVPDB ranging from -23 to -9‰. In New Zealand mountain beech (Nothofagus spp.) has a 

δ13CVPDB range of -25‰ (wood submerged in stream) to -30.7‰ in living leaves (Rounwick et al., 

1982), by comparison Monterey Pine (Pinus radiata) is δ13CVPDB -29‰.  The carbon from these C3 

plants is an allochthonous carbon source for aquatic species and typically has a δ13CVPDB of -27‰ 

as determined by Rounick et al. (1982).  There is little published data on the δ13CVPDB of indigenous 

New Zealand tussock grasslands (Chionochloa spp.) with both the herbage and root δ13CVPDB of 
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tussock measured in Canterbury as δ13CVPDB -26‰ (Stewart and Metherell, 1999), consistent with a 

C3 pathway species. On this basis, the decomposition of organic matter in NZ soils with indigenous 

vegetation cover dominated by C3 plants should have a δ13CVPDB approximating -27‰. In soils, the 

decomposition of siliceous material consumes 1 mole of CO2 (g) in the dissociated form of carbonic 

acid to produce clay (kaolinite) and dissolved silica (Chakrapani and Veizer, 2005)(Equation 2.6). 

 

 2KAlSi3O8 + H2O + H2CO3 → K2CO3(aq)+ Al2Si2O5 OH + 4SiO2(aq) (Eq. 2.6) 

 

In soils the CO2 (g) is produced during the consumption and decomposition of organic matter and 

only involves carbon from soil CO2, so its δ13CVPDB will approximate that of the organic matter 

(Spence and Telmer, 2005; Findlay, 2003). For New Zealand soils, under C3 plants, the end 

member is approximated as δ13CVPDB -27‰ (on the basis of values reported by Rounick et al., 

1982, Rounwick and Winterbourn, 1986, and Stewart and Metherell, 1999). However, CO2 

dissolution into water results in fractionation enrichment dependent on water temperature, 

equivalent to +7‰ at water temperatures of 5oC (Zhang et al., 1995), so that the dissolved soil CO2 

end-member will approximate δ13CVPDB -20‰ (Table 2.8). 

 

Table 2.8: Typical 13C ratios for different carbon reservoirs. 

 
13C Typical 

Value 
(δ13CVPDB ‰) 

13C Range 
(δ13CVPDB ‰) 

13C End 
Member 

(δ13CVPDB ‰) 
Source 

Atmospheric CO2 -7.5 -7 to -8 -0.51 Mook (2006) 
Limestone CaCO3 +2   Mook (2006) 
C3 plants -27 -32 to -22 -201 Rounwick et al. (1982) 
C4 plants  -23 to -9  Mook (2006) 
Soil CO2 -27 -50 to -9 -242 Cerling et al. (1991) 
 

1 Fractionation from gas to aqueous state causes an enrichment of up to +7‰ (Zhang et al., 1995) 
2 Fractionation from dissolution from partial pressure of soil gas to water equivalent to +4.4‰ (Cerling et al., 1991) 
 

Determining the 13C of surface and groundwater 
Under the conditions of multiple carbon inputs into river systems, it is expected that the dissolved 

inorganic carbon in streams will vary widely depending on the terrestrial ecosystem, geology, 

discharge and stream geomorphology (Findlay, 2003).  Autochthonous sources of carbon within 

rivers may be affected by changes in CO2 in stream due to heterotrophic respiration (depleting 13C), 

or increased inputs of atmospheric CO2 concomitant with pH changes downstream (in stream 

fractionation enriching 13C) (Findlay 2003; Palmer et al., 2001). Thus, in both ground and surface 

waters the δ13CVPDB is a mixture of both autochthonous and allochthonous carbon sources and 

results in a large range of 13C ratios (Table 2.8).  In particular, larger streams may have higher (i.e. 
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less depleted) 13C ratios due to enhanced atmospheric CO2 uptake by algae (Findlay, 2003), or due 

to the outgassing of 13C from influent groundwater (Doctor et al., 2008).  Thus, there may be a 

spatial response in 13C that is related to catchment area and/or discharge. For instance, Findlay 

(2003) reported that δ13CVPDB is enriched (i.e. less negative) as discharge increases; and attributed 

this to enhanced uptake of atmospheric CO2 in larger river systems. Secondly, longitudinal 

sampling of δ13CVPDB  (as total inorganic carbon) has also shown enrichment downstream by 

Palmer et al. (2001).  Both of these studies occurred in small, forested headwaters that are typically 

dominated by allochthonous terrestrial carbon, and reported conflicting evidence of temporal 

variations.  Findlay (2003) also noted no difference in 13C ratios between winter and spring, but 

that there were differences in 13C ratios between summer and winter, which was largely attributed 

to differences in discharge. Palmer et al. (2001) noted enrichment in 13C ratios between winter 

(December) and spring (February), so it is possible that there are variations in 13C ratios between 

sampling rounds contingent on local conditions. Ultimately the 13C ratio of surface and ground 

waters is the result of the mixing of the different reservoir sources (Fig. 2.4), but analysis of 

reported river and ground waters globally typically range from near to 0 (strongly influenced by 

atmospheric CO2) to -17‰ (strongly influenced by soil CO2) (Table 2.8). As evident from the large 

body of work that uses 13C as an environmental tracer in hydrology (Table 2.9), relatively few 

studies have characterised the 13C ratios of New Zealand waterways. Principally, 13C has been used 

in New Zealand as a tracer for influent groundwater into streams, focussing on down stream 

changes (e.g. Taylor and Fox, 1996). 
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Table 2.9: Comparison of the range of δ13CVPDB as DIC in surface waters from multiple studies. 

δ13CVPDB‰ Environment Location Source 

Gigantic Catchments > 100,000 km2 

-1 to -17 Mountain fed catchment, 
extensive plains 

Ganga-Brahmaputra, India; 
Indus, India; Brahmaputra 
R, Himalayas 

Galy and France-Lanord, 
1999; Karim and Veizer, 
2000; Singh et al., 2005 

-9 to -14 Mountain fed rivers with 
agricultural lowlands 

Luodingjiang and Zhujiang, 
China 

Zhang et al., 2009 

-7 to -17 Mountain fed catchments 
predominantly forested 

Ottawa R., St Lawrence, 
Fraser R, Squamish R, North 
America 

Telmer and Veizer, 1999; 
Helie et al., 2002; Yang et 
al., 1996; Spence and 
Telmer, 2005; Cameron et 
al., 1995 

-5 to -17 Mountain and lowland rainforest 
catchment 

Amazon, South America Mayorga et al., 2005 

-4 to -15 Mountain fed, highly 
industrialised and polluted  

Cracow, Europe Rhine, 
Europe 

Wachniew, 2006; Buhl et 
al., 1991 

Very Large 10,000 km2 to 100,000 km2 

-5 to -21 Mountain fed headwater 
tributaries to Ganges 

Alaknanda and Bhagirathi 
R, Himalayas; Krishna R, 
India 

Das et al., 2005; Chakrapani 
and Veizer, 2005 

-2 to -14 Mountain fed catchment Rhone R, Sava R, Europe Aucour et al., 1999; Kanduc 
et al., 2007 

-4 to -14 Strong agricultural and industrial 
land use 

Han R, Korea Lee et al., 2007 

-7 to -15 Tidal estuary, low gradient and 
heavily industrialised  

Scheldt R, Europe Hellings et al., 1999 

Large 1,000 to 10,000 km2 

-6 to -18 Tiny to large catchments, 
invertebrate food webs 

California, North America Findlay, 2003 

-9 to -15 Tributary rivers, industrial and 
agricultural pollutants 

Montana, North America Parker et al., 2010 

-9 to -14 Mountain fed with calcareous 
aquifers on lowlands 

Kalamazoo R, North 
America 

Atekwana and 
Krishnamurthy, 1998 

Moderate 100 to 1000 km2 

-10 to -15 Urban lowland catchment Lagan R, Ireland Barth et al., 2003 
-5 to -9 Mountain fed with lowland 

aquifers and agriculture 
Waimakariri R, NZ Taylor and Fox, 1996 

-10 to -13 Spring streams and moderate 
sized mountain fed catchments 

South Island, NZ Gray et al., 2011 

-4 to -15 Mountain rivers with lowland 
agriculture and aquifers 

Waimakariri and Waipaoa, 
NZ 

Taylor, 1997 

Small 10 to 100 km2 and Tiny < 10 km2 

-7 to -11 Tiny headwaters catchment with 
wetland 

Sleepers R, North America Doctor et al., 2008 

-17 to -22 Tiny first order headwater 
catchment with lowland peat 

Brocky Burn, UK Palmer et al., 2001 

-2 to -22 Small second order catchment Glen Dye, UK Waldron et al., 2007 
-11, -12 Tiny catchments with forest and 

grassland cover 
South Island, NZ Rounick et al.1982 
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2.5 Research Questions 
In light of the information provided, it can be concluded that there is a need for reference, 

‘baseline’ water quality data within New Zealand, and identification of what the key controls are in 

an undisturbed catchment on the natural nutrient concentrations. Therefore, the objective of this 

research is to quantify the nutrient concentration of the rivers draining the Southern Alps of New 

Zealand, as a proxy indicator of the water quality conditions of natural riverine systems that are 

exposed to little or no human impact. The following research questions are posed to elucidate 

trends in the natural water quality and identify possible controlling variables that are influencing 

the concentration and flux of each nutrient: 

1. Are there seasonal changes in the water quality of the Southern Alps? 

2. How much nutrient material is exported from the Southern Alps region annually? 

3. Are there spatial patterns in the water quality of the Southern Alps? 

4. Can nutrient concentrations be modelled using catchment characteristics? 

The following chapter details how these research questions will be asked, the methods employed as 

well as providing a general context of the physiographic characteristics of the Southern Alps of 

New Zealand. 
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Chapter Three 

3 Field Site and Methods 

3.1 Research Strategy  
The study of water quality is orientated around determining the concentration and yield of discrete 

constituents, in a defined area. It is the characteristics of that area, and the coupling between the 

landscape and hydrological system which ultimately dictate the quality of the water, and whether it 

is subject to nuisance nutrients, low water clarity, or nuisance weed growth. Currently New 

Zealand water quality is monitored at a regional level, however, even at this scale there is a high 

level of heterogeneity between catchments due to the dramatic landscape changes that occur over 

relatively short distances in New Zealand. Due, in part, to the dynamic nature of the Southern Alps 

region there has been little human encroachment into the headwaters of the major catchments. 

Thus, this region retains a high level of ecosystem endemism, and is an ideal location for sampling 

a ‘pristine environment’, that is, a low impact environment with little to no deleterious effects as a 

result of human activity, especially in terms of water quality.  

 

The Southern Alps of New Zealand is characterised by many differing geophysical features; there 

are shifts in the climate conditions, vegetation composition, drainage area size and drainage 

density, and geological composition. For example, within the Southern Alps region there are a 

small, but important, portion of catchments that are characterised by the presence of glaciers i.e. the 

Fox Glacier, and Tasman Glacier (Fig. 3.1a, 3.1b). These catchments are considerably different to 

catchments that are dominated by a high percentage of forest cover, such as the Haast River (Fig. 

3.2a). On the eastern side of the Southern Alps there are distinctive large braided rivers; i.e. the 

Rakaia, Waimakariri, Wilberforce (Fig 3.2b) and catchments dominated by tussock grasslands and 

greywacke geology; i.e. Camerons River (Fig 3.2c). Most of the rivers channels are dominated by 

alluvium, either as schist or greywacke, but some rivers have significant portions of carbonate-rich 

rocks i.e. Bullock Creek (Fig 3.3a); and the geology of Otago is also distinctive with its highly 

indurated schist, and grassland cover. 

 

Field Site and Methods 
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Figure 3.1: Examples of catchments with significant permanent ice and snow cover a) Fox Glacier river and 
b) Tasman Glacier river. Both photographs are taken in 2014 and looking upstream towards the headwaters. 

 

There is also a considerable difference in the size of the catchments draining the Southern Alps, 

with catchment area size ranging from approximately 10 km2; i.e. the Birch Hill Stream (Fig 3.3b), 

to over 1000 km2 like that of the Ahuriri (Fig 3.3c) or lower Tasman (Fig. 3.3d). The climate 

conditions also vary considerably, with high rainfall rates in the west, and seasonal snow. With this 

in mind the research approach of this study was to characterise reference water quality conditions, 

so sites were selected on the basis of a high percentage cover of indigenous vegetation.  Thus, a 

stratified sampling approach was employed using the following criteria: 



 35 

 
Figure 3.2: a) Haast River at Roaring Billy Falls shows the scale of the river, and the presence of beech 
forest to the river banks; b) Wilberforce River, a tributary to the Rakaia River, both of which are wide, 
braided rivers, with significant gravel bar formation; and c) Cameron River a small catchment in the 
Hakatere Conservation Park that is dominated by tussock grassland, and is also a tributary to the Rakaia 
River. 

1. That catchments represented the different sized catchments that occur in the Southern Alps, 

and ranged from small (<100 km2) to large (>1000 km2) and encompassed catchments 

between Strahler stream orders of 3 – 7. 

2. That catchments represented the different climatic zones of the Southern Alps, with 

emphasis on maximising latitudinal differences (e.g. the Haast in the South, and Bullock 

Creek in the North) to assess for any shifts in climate.  The differences in rainfall were also 

a key element, which meant selecting rivers on both side of the main divide of the Southern 

Alps. 

3. That catchments represented the different vegetation composition and were predominantly 

in a low- or no- disturbance state.  Specifically, the selected catchments needed to reflect 

high forestry cover, high grassland cover, but also mixed composition, and the presence (or 

otherwise) of permanent ice, or seasonal snow. 
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4. That catchments were able to be reasonably accessed and all sites sampled within a 7-day 

period under baseflow conditions.  This meant selecting sites that were near to major roads 

and that had public access points. 

 

 
Figure 3.3: a) Bullock Creek in Paparoa National Park has a distinctive limestone geology, this photo is 
taken near the Taurus Submergence Zone, where there is significant loss of water to groundwater and the 
river frequently ceases surface flow under dry conditions. b) Birch Hill Stream on the boundary of Aoraki Mt 
Cook National Park, is a small catchment 12 km2 in area that is a tributary to the Tasman River; c) Ahuriri 
River is a large catchment that drains 1702 km2 of predominantly grassland and flows into the Waitaki 
River; and d) Tasman River immediately upstream of Lake Pukaki is a large braided river with significant 
suspended sediment from glacial erosion. 
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Therefore, to accurately quantify the nutrient concentration of the rivers draining the Southern Alps 

samples were taken from 71 sites.  However, it was also important to have replication, that is, that a 

simple one-off characterisation of water quality would not account for any seasonal variations, so 

samples would need to be collected over different times of year to be able to provide a robust 

characterisation of the reference site water quality. Therefore, temporal sampling is also an 

important aspect to consider.  

 

The research strategy for this study (Fig. 3.4) is empirical in nature, and strongly focussed on 

collecting and quantifying water quality variables, which provides the key data for addressing the 

research questions. However, a second important data source was to generate metadata that 

characterises regional patterns in climate, hydrology, geology and land cover.  At the scale of the 

Southern Alps, it is not feasible to ground-truth all of these characteristics for each catchment, so 

geospatial data was collated from pre-existing datasets and used to build a comprehensive array of 

variables.  These variables were then used as independent predictors in statistical analysis to 

determine the factors that influence Southern Alps water chemistry. 

 

3.2 Site Locations 
Seventy-one sample sites were located on either side of the Southern Alps (Fig. 3.5), ranging from 

the Arawhata and Greenstone rivers in the south, on either side of the main divide; to Bullock 

Creek in Westland, and the Waimakariri in Canterbury. If the selected river was gauged or 

monitored by the local regional council the sampling location was situated around these sites for 

comparison purposes. Of the 71 sampling sites, there are 63 discrete catchments, with the 

remaining 8 sites being paired samples from the same catchment, with one being upstream and the 

other downstream.  The catchments where there were multiple sampling locations were: Haast (at 

Fantail Falls, Roaring Billy Falls, and at Haast township), Hokitika, Moeraki (above and below the 

lake), Matukituki, Rees, Rakaia, and Tasman.  In large-scale catchments (i.e. the Haast) or braided 

rivers (i.e. the Rakaia) multiple sampling locations used to assess degradation of water quality 

downstream. A full list of the catchments and their location is in Appendix 1. 
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Figure 3.4: Research Strategy adopted for this study, outlining the proposed research objective and 
subsequent research questions.  
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Figure 3.5: A detailed map of the South Island of New Zealand outlining the sample catchments and the 
location of the sampling position within each catchment. Site numbers are defined in Appendix 1. 
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3.2.1 Regional Context: The Southern Alps 

The Southern Alps of New Zealand are a geologically young, actively uplifting mountain range 

along the Australian and Pacific plates. Plate movement initiated around 20 MA with rapid 

reorganisation and uplift approximately 5 MA (Batt et al., 1999). The plate boundary has three 

zones (Koons, 1990): (1) an inboard zone along the Australian plate with uplift rates across the 

alpine fault of 6 – 9 mm a-1 (Tippett and Kamp, 1995; Little et al., 2005); (2) a transitional zone 

along the main divide; and (3) an outboard zone of subduction of the Pacific plate with uplift rates 

of 0.5 – 2.0 mm a-1 (Upton et al., 2003; Templeton et al., 1998). The geology of the Southern Alps 

is comprised of greywacke and schist of differing metamorphosed grades (Fig. 3.6a), with highly 

deformed greywacke and semi-schist along the hanging wall of the Alpine fault, compared to 

greywacke and argillite on the footwall (Cox and Findlay, 1995). The Southern Alps form a ridge 

of mountains with an average height of 2,000 m, with 23 peaks over 3000 m asl, and a maximum 

elevation of 3,724 m asl (Aoraki-Mt Cook)(Fig. 3.6d).  

 

Unlike other active mountain belts, that form at continental margins the Southern Alps are 

predominantly comprised of metamorphosed marine sediments, and are highly fractured and 

foliated resulting in high denudation rates. The combination of sustained uplift across the Alpine 

Fault, high rainfall gradients and relatively soft geology produces high denudation rates, ranging 

from 1 – 2 mm a-1 in small catchments up to 4 – 12 mm a-1 in larger catchments (Larsen et al., 

2014). Being biogeographically isolated for 60 – 80 MA (McGlone et al., 2001), the indigenous 

vegetation cover is a mixture of beech (Nothofagus spp.) and broadleaf podocarp (e.g. Dacrydium 

spp.) with multiple canopies and dense undergrowth and C3-type plants. Above the tree line native 

grasses (Chionochloa spp.) and alpine and subalpine herbfields dominate. Human settlement over 

the last 1,000 years has displaced large portions of the indigenous forest and grassland cover 

(Young and Mitchell, 1994), however, with the introduction of fire and grazing the grasslands have 

spread below the tree line to occupy the foothills, particularly on the east of the main divide into 

Otago and Canterbury. The western side of the Southern Alps are mostly temperate rainforest 

cover, whereas east coast catchments may be a mix of forest, grassland and scrubland (Fig. 3.6b).  

The soils of the Southern Alps are thin, alpine skeletal soils, although brown and sandy loams form 

on the shallower slopes and lowland regions (Landcare Research, 2010) (Fig. 3.6c). High mean 

annual precipitation drives rapid soil leaching (Basher et al., 1988) and supports high annual 

vegetation productivity (Hilton et al., 2011). High soil production rates are primarily through biotic 

soil production, so plant roots exploit the fractured bedrock and promotes mechanical weathering 

through root growth as well as chemical weathering through organic acid production (Larsen et al., 

2014). 
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Figure 3.6: Physiographic and land cover features of the Southern Alps of New Zealand mapped using 
ArcGIS (v 10.1) showing a) surface geology, b) vegetation cover, c) dominant soil type and d) land surface 
elevation (m asl). Data sources: Landcare Research (2010, 2015) and Columbus et al., (2011). 
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Climate and Hydrology 

The South Island climate is dominated by prevailing mid-latitude westerly winds, which deliver 

moisture-laden air masses from the Tasman Sea onto the west coast (Salinger, 1980; Salinger et al., 

1995). As a result the West Coast of the South Island receives a high amount of precipitation (Fig. 

3.6) due to orographic uplift as these air masses are forced to ascend over the Southern Alps range 

front.  The foothills of the West Coast of the Southern Alps experience mean annual rainfall of 

7,500 mm per year (Tait et al., 2006), and the headwaters of Southern Alps can receive up to 

14,000 mm of precipitation per year (Henderson and Thompson, 1999).  On the east of the main 

divide a rain shadow develops in the lee of the Southern Alps (McCauley and Sturman, 1999). 

Therefore the South Island of New Zealand is dominated by localised, regional scale climate 

conditions because of the mountainous nature of the topography (Lorrey et al., 2007). 

 

Annually there is little variation in the amount of precipitation delivered to the Southern Alps; 

however, the topography controls the distribution of the precipitation (Salinger et al., 1995). 

Climographs demonstrate the moderate differences in the monthly total precipitation at different 

stations across the Southern Alps, but also the variation in the amounts of incipient rainfall in 

catchments across the Southern Alps region (Fig. 3.7). For example, in the southern west coast 

catchments, i.e. the Haast and Franz Josef, approximately 300 – 600 mm of rain is delivered per 

month. Whereas the more northern west coast catchments only receive between 150 – 300 mm of 

rain per month, i.e. the Greymouth and Punakaiki catchments (Fig. 3.7). All of these catchments 

have slightly lower precipitation in winter, however, these are minor variations and are not 

considerable enough to be classified as seasonally different like that experienced in continental or 

monsoonal climates. In the east coast catchments of the Southern Alps the montane areas, like 

Arthurs Pass or Aoraki-Mt Cook, still receive high mean monthly precipitation, ranging from 250 – 

500 mm per month with little to no seasonal variation (Fig. 3.7). Further east of the main divide 

mean monthly rainfall decreases rapidly with Lake Tekapo, Queenstown and Wanaka typically 

receiving less than 100 mm of rainfall a month. 

 

Seasonal variation in the air temperature of the catchments draining the Southern Alps is observed 

as a result of the steep mountain topography (Salinger and Mullan, 1999). Overall, the mean annual 

temperature of the Southern Alps is cool, ranging from 0 – 7oC in the high elevation regions and 

extends to an annual mean of approximately 11oC in the more coastal regions (Fig. 3.7). 

Climographs of the monthly normal statistics from NIWA highlight the seasonal variations in 

temperature across the Southern Alps (Fig. 3.7). For instance, the Queenstown and Wanaka regions 

mean air temperatures peak at 17oC in summer and drop to 5oC in winter. On the west coast the 

mean winter temperatures exhibit less seasonal variability compared to the east coast and are 
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reflective of a generally milder climate than the mountain and inland regions of the South Island. 

For example, at Haast the mean air temperatures range from 7oC in winter to 13oC in summer (Fig. 

3.7). 

 

 

 

 

Figure 3.7: Monthly normal statistics from NIWA climate stations within the study area.  Climographs show 
variations in mean total monthly rainfall (mm month-1), as well mean daily air temperature (oC).  Records 
generated from thirty-year data records, typically 1980 – 2010. Data source: NIWA Cliflo Database (2015). 

The other important component of the local climatology in relation to the hydrology of the 

Southern Alps is the amount of evaporation (AET) that occurs. Evaporation is driven by incoming 

solar radiation and strong winds that advect moisture away from the surface. The advective loss of 
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water is particularly pronounced on the lee of the Southern Alps from the föhn effect, which 

produces strong north-easterly winds across the Canterbury Plains; thus there is considerable 

variation in evaporation across the main divide of the Southern Alps (Macaulay and Sturman, 

1999). The amount of AET that occurs annually is small relative to the amount of precipitation 

(Fig. 3.8). For instance, on the lower west coast AET is high with an annual rate of 1,100 mm a-1, 

however, compared to the amount of precipitation of 13,000 mm a-1, the net impact of the 

evaporation on runoff generation is low. Conversely, an area where evaporation rates will have an 

influence is the east coast, particularly in the Canterbury Plains. These catchments only receive ~ 

1,000 mm a-1 of precipitation, whereas the evaporative loss is on average of 700 mm a-1. Therefore, 

the amount of precipitation is countered by the evaporative loss, which can ultimately reduce the 

amount of runoff generated within this region (Fig. 3.8).   

 

 
Figure 3.8:  Median annual evapotranspiration, rainfall and mean air temperature for the South Island of 
New Zealand for the period 1960-2006 interpolated from the network of weather stations around the country 
using a thin-plate smoothing spline routine (See: Tait et al., 2006).  

The combination of effects between mean annual air temperature and evaporative loss relative to 

precipitation is the main control on stream flow generation (Fig. 3.9). In New Zealand, river 

segments are classified by the River Environment Classification (REC) into 6 climate classes, 

being defined on the mean annual air temperature patterns as either cool or warm, with a sub-

definition of mean annual rainfall as either dry, wet, or extremely wet. Since there is a feedback 

between climate and the topography of the Southern Alps, the REC approach to climate 

classification for the river network uses observed precipitation, less evaporative loss, and 

temperature to categorise each river segment (Snelder et al., 2003). The Southern Alps are typically 

categorised as either cool wet, or cool extremely wet under the REC, with only the lowland regions 

of the east coast catchments having modest portions of cool dry climate (Fig. 3.10). 
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Figure 3.9: Location of all of the gauged rivers within the study area, including hydrographs summarising 
mean daily flow (m3 s-1) each month. Hydrographs show strong seasonal changes in discharge, with typically 
lowest flows occurring during winter, and highest flows during spring, with the exception of the Ashburton 
North Branch and South Branch and Grey that have their lowest flows at the end of summer, and likely 
reflects water outtakes for irrigation that occurs in the lower portions of these catchments. 
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Figure 3.10: The climate classification for each river segment as defined by the River Environment 
Classification (REC). Data Source: MfE (2015b). 

3.3 Field Methods 
Field samples were collected between January 2012 and February 2015 every 3 – 6 months. 

Sampling occurred in January, October and December of 2012, April, August and November of 

2013, March, May, September and November of 2014 and February of 2015. To cover spatial 

variability samples were taken from the east and west of the main divide typically during fine 

weather conditions and under base flow conditions. If it rained during the sampling period 

precipitation samples were collected, sampling was ceased, and sampling was resumed when rivers 

returned to low flow conditions. The exception to this was May 2014, when a significant storm 

covered much of the lower South Island during the sampling period, so some samples were 

collected under higher than normal flow (e.g. between Dart and Poerua catchments on the 21–24 of 

May 2014, rivers were substantially higher than base flow conditions).  

3.3.1 Discharge Measurements 

Stream flow was measured in nine rivers during site visits between May and November 2014 

(Table 3.1). Discharge was measured using a mid-point velocity area method.  River cross-section 

was subdivided into verticals at 0.3 m increments and the depth and mean velocity measured in 

each vertical. A single measurement of velocity was determined using an electromagnetic current 

meter, where velocity was averaged over 60 seconds and recorded as the mean stream flow  
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(in m s-1) for that time interval.  The depth of the velocity measurement was taken 0.6 × depth 

(from the water surface) a depth reasonable to estimate the mean velocity in the vertical (Herschy, 

2008). Each segment discharge was calculated as width (m) × depth (m) × velocity (m s-1), and the 

overall stream discharge was determined as the sum of all segment discharges. The error associated 

with this method was between 3.5 to 5.4% following the error analysis method of Herschy (2008). 

  

Table 3.1: Locations of in stream measurements of discharge between May 2014 and February 2015. Lowest 
values occurred during August 2014 and highest values during May 2014. 

 Discharge (m3 s-1) 

Catchment Median  Range 

Cameron River 4.0 1.7 – 6.1 

Omoeroa River 1.7 1.0 – 5.1 

Pyke Creek 0.8 0.1 – 1.2 

Haast (Fantail Falls) River 3.2 2.6 – 4.3 

Ashburton South River 5.0 3.8 – 6.3 

Punakaiki River 2.7 1.6 – 2.8 

Ohinetamatea River 2.5 1.0 – 2.7 

Camerons Creek 3.6 1.7 – 4.8 

Birch Hill Stream 0.8 0.8 – 1.8 

 

 

3.3.2 Sample Collection and Storage 

Sampling locations were located where there was direct public access to the river, or, where 

permission had been sought to cross private land. These locations were typically near to a public 

access road. For gauged rivers the location was selected based on proximity to the gauging station 

so that the water sample data could be related to measured discharge.  Fourteen of the catchments 

are monitored for stream flow (see: Section 3.4.6), and an additional 9 catchments were also 

measured at sample collection (as described above in Section 3.3.1). At each river a grab sample 

was collected directly from the thalweg, or as close as possible where it was safe to do so. 

Collection containers were rinsed 3 times with river water then lowered into the thalweg, 200 mm 

below the water surface and filled to the desired level (USGS, 2006; Mortimer et al., 2007). Field 

blanks were collected daily at selected sites, where distilled deionised water was used to rinse the 

collection container 3 times before filling the container to the desired level with distilled deionised 

water, and these were subsequently used to correct or any sampling, handling or storage 

contamination.   
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At each site duplicate samples were taken in various containers; a sample for dissolved organic 

carbon analysis, two samples for nutrient analysis, a sample for dissolved inorganic carbon 

(alkalinity) analysis, and two archive samples. Dissolved organic carbon samples were collected in 

amber 40 mL glass vials with a silicon lined septa cap. These glass bottles were pre-rinsed and 

soaked in distilled deionised water and combusted for 3 hours at 600°C in a muffle furnace to 

remove any residual organic carbon. The samples for nutrient analysis (e.g. NO3, PO4, DSi) were 

collected in two 60 mL low-density polyethylene (LDPE) containers. One container was pre-

soaked in 10% hydrochloric acid for a minimum of 6 hours, rinsed three times with distilled 

deionised water and soaked in an distilled deionised water bath for a further 6 hours. The 

containers were then air dried at 35oC in a clean oven. The second container for nutrient collection 

underwent the same handling but was soaked in 5% nitric acid. Dissolved inorganic carbon 

analysis was measured daily in the field, and collected in 120 mL polypropylene containers (either 

HDPE or LDPE), previously rinsed and soaked in distilled deionised water. Finally, two 500 mL 

Nasco whirl bags were used to collect archive samples.  

 

Samples were stored in chiller boxes with ice to keep the samples cool and dark during field 

collection. Samples were stored frozen, until analysis in March 2014, where samples were thawed, 

allowed to reach room temperature and analysed for a range of analytes.  Volatile analytes (e.g. 

NO3, NH4, PO4) were analysed within 12 hours of being thawed (Mortimer et al., 2007).  Samples 

collected in March 2014 were also stored by preservation with 1% sulphuric acid (H2SO4) in the 

field (Aydin, 2011), to determine whether there was any loss of nitrate and ammoniacal nitrogen 

due to cold storage, or sorption into the containers. No statistical difference was observed between 

the result of the preserved and non-preserved March samples. Preservation with 1% H2SO4 was not 

continued for the remaining sample rounds as it decreased analytical precision of the methods.  

3.3.3 In Situ Measurements  

Three in situ measurements were recorded at each of the sampling sites: electrical conductance (in 

units of µS cm-1), temperature (oC) and pH, using an YSI Pro-plus multi-probe that was calibrated 

prior to sample collection. At each sampling site the probe was rinsed with distilled deionised 

water before being fully submerged in the river, ensuring there were no air bubbles on the 

electrodes. Readings were allowed to stabilise for at least one minute before the results were 

recorded (following the USGS 2006 sampling protocols). After use the probe was rinsed again with 

distilled deionised water and returned to appropriate storage between sites. For some sampling 

rounds there was a fault in the in situ probe (e.g. pH bulb perished during the December 2012 trip).  
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In these instances the in situ variables were recorded from the archived sample upon return to the 

University of Otago with a similar instrument (Table 3.2). 

Table 3.2: The operating range, accuracy, precision and detection limit for the YSI Pro-plus multi-probe as 
specified by the manufacturer used to measure the in situ measurements of electrical conductance, 
temperature and pH.   

 Operating Range Accuracy Precision 

Electrical Conductance 0 to 200 mS/cm 
(auto-range) ±1 1  

Temperature 0 to 40°C ±0.35 0.2 

pH 0 to 14 units ±0.2 0.01 

 

At the conclusion of each day, water samples were analysed for total alkalinity using a portable 

titration kit; Hach AL-DT, within 4 hours of collection. Samples of 20 mL were decanted into a 

clean 240 mL Erlenmeyer flask. A bromescol green indictor powder was added to the titrant and 

0.16 mL sulphuric acid was titrated into the sample until the pink end point of pH 4.5 was reached 

(USGS, 2006). Total alkalinity was calculated using a multiplier of 0.5 to give the total alkalinity 

as calcium carbonate (CaCO3) in mg L-1. Total alkalinity was then converted to bicarbonate 

concentration (HCO3
- ) using Equation 3.1: 

 HCO3 !" !!!  = 0.5×
2×Alk-10-14+pH

1+2×10-10.3 ×10pH
    (Eq. 3.1) 

 

where: Alk is the total alkalinity in units of mg CaCO3 L-1 and pH is the water pH measured in the field at the 
time of sample collection.  
 

Under normal conditions of river pH most of the alkalinity is present as bicarbonate. The 

bicarbonate concentration was converted to dissolved inorganic carbon (DIC) (e.g. HCO3
- , CO3

- , 

and CO2 (aq)) by converting the total alkalinity using Rockware aqQA (v. 1.0) software, which 

determines the speciation of the different carbon fractions based on pH using Henry’s Law and 

equilibrium constants for the partial pressure of CO2 (see: Telmer and Veizer, 1999).  Dissolved 

inorganic carbon is reported in units of mg C L-1 for consistency and comparison to dissolved 

organic carbon (DOC) concentrations. 

3.4 Laboratory Methods 
All laboratory analysis was undertaken at the University of Otago, Dunedin campus. The analysis 

of nitrogen (NO3 and NH4), phosphorus (PO4), and dissolved silicon (DSi) was undertaken on the 

Department of Geography laboratory. The analysis of dissolved organic carbon (DOC) was carried 
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out in the Zoology Department laboratory; and the carbon-13 stable isotopes were analysed in the 

Chemistry Department. All samples were removed from cold storage the evening prior to analysis 

to ensure all samples were analysed at room temperature. Field blanks of distilled deionised water 

that were collected in the field, following the same handling and preparation conditions as sample 

containers and were analysed alongside laboratory blanks to account for any potential handling 

contamination sources.  The mean blank concentration and field blank concentrations were 

deducted from the raw concentration dataset, and where these values equalled zero, or were 

negative, the data was recorded as being ‘below detection limit’, rather than a zero concentration. 

3.4.1 Nitrogen 

Nitrate (NO3
- ) and ammoniacal nitrogen (NH4

- ) concentration in each sample was analysed using 

the Star 5000 Flow Injection Analyser (FIA). Samples were filtered using a 0.45 µm cellulose 

acetate filter, then the nitrate and ammoniacal nitrate concentrations were simultaneously analysed 

on the dual channel Star 5000 Analyser. Nitrate nitrogen was determined by dispensing 10 mL of 

sample into pre-rinsed, with distilled deionised water, glass test tubes. The nitrate in each sample 

was reduced to nitrite (NO2
- ) using the chromium reduction column method (Aydin, 2011), giving 

the combined concentration of nitrate and nitrite. The chromium reduction column method 

chemically reacts the sample with sulphanilamide and N-(1 naphtyl)-Ethylene Diamine 

Dihydrochloride to produce a purple azo dye. The intensity of the dye is measured photometrically 

at 540 nm. Since the method reduces nitrate to nitrite the reported concentrations are the combined 

amounts of nitrate and nitrate.  Typically, however, nitrite is rare in natural waters and rapidly 

converts to nitrate, so it can be assumed that the sum amount of nitrate plus nitrite is equivalent to 

nitrate without further modification of the concentration data. Ammoniacal nitrogen was 

determined at the same time by reacting the sample with a sodium hydroxide reagent to produce 

ammonia gas. The ammonia gas reacts with an indicator solution creating a blue colour that is 

measured photometrically at 590 nm, to give the ammonium concentration (Aydin, 2011). Samples 

were calibrated against a range of laboratory standards (0.01 to 0.50 mg N L-1) to provide an 

operational range of 0.02 to 0.50 mg N L-1, with a precision of 0.009 and accuracy of -0.006  

mg N L-1 (Table 3.3). Concentrations are reported in units of weight of nitrogen per litre (e.g. µg N 

L-1) for both nitrate nitrogen and ammoniacal nitrogen. 

3.4.2 Phosphorous  

Orthophosphate (PO4
3-) concentration of each sample was determined photometrically using the 

Star 5000 Flow Injection Analyser (FIA). Samples were filtered through a 0.45 µm cellulose 

acetate filter prior to analysis to determine the dissolved reactive phosphorus (DRP) concentration. 
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Samples of 10 mL were dispensed into pre-rinsed glass test tubes and loaded onto the FIA carousel. 

The PO4
3- concentration was measured by reacting the sample with ammonium molybdate, creating 

a blue colour that is photometrically measured at 720 nm (Monbet and McKelvie, 2007). Samples 

were calibrated against a range of laboratory standards to provide an operational range of 0.005 to 

0.010 mg P L-1 with a precision of 0.001 and accuracy of 0.001 mg P L-1 (Table 3.3). 

Concentrations are reported in units of weight of phosphate phosphorus per litre (e.g. µg P L-1). 

3.4.3 Silicon 

Silicon (Si2+) concentrations of the water samples were analysed using the Star 5000 Flow 

Injection Analyser (FIA) as units of silicon. The silicon concentration was measured by reacting 

the sample with an ammonium molybdate reagent, at a pH of approximately 1.2, and a stannous 

chloride reduction to produce a blue complex that is measured at 810 nm (Sultan, 2007). The 

chemical complex will also react with any phosphate present; therefore oxalic acid was added as a 

reagent to block the phosphate from interfering before the colorimetric determination (Sultan, 

2007). Samples were calibrated against a range of laboratory standards to provide an operational 

range of 0.5 to 8.0 mg Si L-1, with a precision of 0.12 and accuracy of -0.08 mg Si L-1 (Table 3.3). 

For consistency with the other nutrients, all silicon concentrations are reported in units of 

mg Si L-1. 

3.4.4 Dissolved Carbon 

A Shimadzu Total Carbon Analyser was used to measure the dissolved organic carbon 

concentration in water samples.  The total carbon analyser acidifies the sample to a pH below 2.5 

with high purity hydrochloric acid to convert any inorganic carbon in the sample to carbon dioxide 

gas.  The sample is sparged for 3 minutes with oxygen to remove the CO2 gas. The sample is then 

injected into a combustion furnace heated to 680oC in the presence of a platinum catalyst, which 

oxidises the dissolved carbon to CO2.  The CO2 is then cooled and dehumidified and measured on 

an infrared gas analyser. The concentration of carbon is reported in comparison to a calibration 

curve generated from a 5-point linear regression from laboratory standards for an operational 

analytical range of 0 – 30 mg C L-1.  The method reports the total carbon concentration for 

unfiltered water samples, and the dissolved organic carbon concentration is determined by pre-

filtering the samples through a prewashed 0.7 µm glass fibre filter paper. The method detection 

limit for dissolved organic carbon was determined from replicate measurements of independent 

standards and was 0.48 mg C L-1 with a precision of 0.2 mg C L-1 (Table 3.3). 

 

Dissolved inorganic carbon was calculated from total alkalinity titration (see: Section 3.3.3), and 

was also analysed for the δ13C ratio for samples collected in September and November 2014.  
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Samples were collected in 100 mL glass vials directly from the river.  Bottles were filled 200 mm 

below the water surface and completely filled and preserved with 10% mercuric chloride to inhibit 

any microbial respiration and CO2 production during storage.  The δ13C was measured by reaction 

with 3 drops of 105% phosphoric acid to produce CO2 in a 12 mL vial sealed with an impermeable 

butyl rubber septum and left to equilibrate for 18 hours at 25 ± 0.05 °C before sampling the CO2 

gas. The air was flushed from the vials using high purity helium as a carrier gas into a Thermo 

Advantage IRMS. The raw delta value for the sample is the average of the eight sample injections, 

measured against the reference gas pulses.  Sample gas δ13C ratios were calibrated relative to two 

laboratory standards, calcium carbonate (δ13C 2.47‰) and sodium bicarbonate (δ13C -5.03‰) and 

to the international standard LSVEC lithium carbonate δ13C -46.5 ‰ to produce an operational 

range of δ13C -46 to +2 ‰.  All δ13C values are reported relative to the Vienna Pee Dee Belemnite 

(VPDB) international standard in delta notation. To calculate the delta notation relative abundance 

of any given sample, the difference between the 13C:12C ratio of the sample and 13C:12C ratio of 

VPDB is divided over the 13C:12C ratio of VPDB and expressed as a deviation in parts per thousand 

(‰) as shown in Equation 3.2. 

 

 δ C13 =
 
C13

C12
sample-

C13

C12
VPDB

C13

C12
VPDB

×1000   (Eqn. 3.2) 

 

Table 3.3: The accuracy, precision and detection limit for nitrate nitrogen, ammoniacal nitrogen, phosphate 
phosphorus and silicon using the FossStar 5000 Flow Injection Analyser; and the accuracy and precision of 
dissolved carbon from titration, total carbon analyser, and Thermo GasBench Analyser.  

 Abbreviation Precision Accuracy Detection Limit 

Nitrate Nitrogen (mg N L-1) NO3 0.009 -0.006 0.006 

Ammoniacal Nitrogen (mg N L-1) NH4 0.002 0.009 0.019 

Phosphorous Phosphate (mg P L-1) PO4 0.001 0.001 0.002 

Dissolved Silicon (mg Si L-1) DSi 0.12 -0.08 0.10 

Dissolved Inorganic Carbon (mg C L-1) DIC 0.17 0.10 0.08 

Dissolved Organic Carbon (mg C L-1) DOC 0.21 -0.16 0.48 

δ13C Carbon Ratio (‰) 13C 0.08 0.06 – 
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3.5 Specific Yield Calculations 
Specific Yield (Equation 3.3) is a measure of the weight (usually in t or kg) of material exported 

from a land area per annum (e.g. km-2 a-1) and is used to normalise concentration data relative to 

stream flow and catchment area, so that comparisons can be made between river systems of 

different sizes. 

 Yield t km-2a-1 =
Cc g m-3  × Q m3s-1

Area km2
 × 31.55 t g-1 s a-1    (Eq. 3.3) 

 

where: Cc is the concentration of the constituent, and Q is the mean river discharge, and area is the catchment 
area.  
 

This approach to calculating water yields assumes that a single value of concentration reflects 

temporal variations, which may have large associated errors if there are large changes in stream 

flow and constituent concentration across a calendar year.  An alternative approach to calculating 

specific yield is to account for changes in discharge by using a discharge-weighted concentration; 

Equations 3.4 and 3.5 (Turner et al., 2010): 

 

 Cm=  Cmj × Qii

Qii
  (Eq. 3.4) 

 !! Yield t km-2a-1 =
!! g m-3  × Q m3s-1

Area km2
 × 31.55 t g-1 s a-1    (Eq. 3.5) 

Where: i is the times where paired discharge-concentration values exist for constituent m, cmj is the 
concentration of the constituent at time i and Qi is the river discharge that corresponds to the water sample 
collection.  
 
 
The discharge weighted yield (Equation 3.5) is calculated by using the discharge-weighted 

concentration (Cm) into the specific yield equation.  For micronutrients (e.g. NO3, NH4 and PO4) 

specific yields were calculated from units of µg L-1 and are reported in yield units of kg km-2 a-1. 

3.6 Flow Records 
Four catchments within the Southern Alps study area are part of the NRWQN dataset: Haast River 

(at Roaring Billy Falls), Grey River (at Dobson), Shotover River (at Bowen’s Peak), and the 

Waimakariri River (at Gorge)(MfE, 2015b). Flow and nutrient (NO3, NH4, PO4) data at these sites 

has been collected monthly since 1989 and was made publicly available in September 2015 via the 

Ministry for the Environment data portal.  This data was used to compare median nutrient 

concentrations to the collected data in this study, as well as to independently calculate the 
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discharge weighted and median-only weighted specific yield values. Regional authorities and 

NIWA also monitor stream flow for 14 of the Southern Alps catchments. Daily flow records (in  

m3 s-1) for each of these catchments were used to calculate the discharge weighted specific yield 

values, as well as for testing the goodness of fit between the NIWA modelled discharge values of 

Booker and Woods (2014) to the observed discharge values. Table 3.4 details the stream flow 

records that were used in this study. 

 

Table 3.4: Monitored stream flow sites within the Southern Alps catchments, and the daily mean discharge 
record length that was used in this study.  

Catchment Recorder Location Data Provider Record Length 
Ahuriri† South Diadem NIWA 1980–2015 
Arawhata County Bridge NIWA 1989 – 2015 
Ashburton North Old Weir Environment Canterbury 2000 – 2015 
Ashburton South Mt Somner Environment Canterbury 2000 – 2015 
Dart The Hillocks Otago Regional Council 1996–2015 
Grey Dobson NIWA 1980–2015 
Haast Roaring Billy Falls NIWA 1970–2014 
Hokitika Colliers Creek NIWA 1980–2015 
Shotover Bowens Peak NIWA 1980–2015 
Rangitata Klondyke NIWA 2012–2014 
Matukituki West Wanaka NIWA 1979–2014 
Taramakau†† Greenstone Bridge NIWA  1980–2015 
Waimakariri†† Otarama Environment Canterbury 2012–2015 
Whataroa SH8 NIWA 1985–2015 
† Gauging location is upstream of sample collection site and excluded from specific yield calculations 
†† Gauging location is downstream of sample collection site and was excluded from specific yield calculations 
 

Most of the catchments in this study are not regularly monitored for stream flow, so discharge for 

each catchment was determined using mean annual flow statistics generated by Booker and Woods 

(2014).  These modelled stream flow values are generated for New Zealand using the hydrological 

model TopNet and calibrated using flow duration curves, estimated from the Random Forest 

statistical technique, which is an empirically-based regression model (Booker and Woods, 2014).  

The modelled stream flow provides a discharge estimate for river segments defined by the River 

Environments Classification (REC), which describes river segments hierarchically according to 

Strahler stream order.  Flow statistics for each catchment were extracted at, or as close as feasible 

to the sampling location, using ArcGIS (v10.1 and v10.2) and provide region wide estimates of 

mean annual discharge, mean annual flood discharge, mean annual low flow (MALF) in cumecs 

(m3 s-1), as well as a statistical measure of the flood frequency (FRE3) (Booker, 2013). 

3.7 External Data Sources 
Metadata for each catchment was generated using a variety of spatial datasets, which are 

summarised in Tables 3.5 – 3.7. The catchment variables included climatic variables, like mean 

annual precipitation and temperature, flow characteristics, morphological variables, as well as land 
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cover characteristics.  Additional water quality data was extracted from the National River Water 

Quality Network (1989–2013) raw data set provided by the MfE (2015b). 

 
 
Table 3.5: Sources of metadata used to determine location and hydroclimatic catchment characteristics, 
including source layers and processing undertaken in Esri ArcGIS (v10.1). 

Variable Dataset Resolution/Transformation Source 
Location 
 Decimal degrees (longitude, latitude) 

New Zealand Transverse Mercator (easting and 
northing) in units of metres. 

GPS of sampling location 

Catchment Boundaries 
Area REC5 Order 3 – 7 clipped to sampling location 

using ArcGIS 
Units: km2 
 

REC Order 3, 4, 5, 6, 7 
polygon layers  
Source: MfE (2010) 

Climate/Hydrology 
Temperature 30 sec arc resolution 

Divided by 10 to convert to decimal degrees 
centigrade; monthly mean temperature summed to 
produce mean annual temperature 
Area weighted average using zonal statistics tool 
Units: oC 

World Climate Database  
Source: Hijmans et al. (2005) 

Precipitation 4.8 km2 grid (0.05o) resolution rainfall  
Area weighted average using zonal statistics tool 
Units: mm a-1 

NIWA Precipitation Raster 
Source: Tait et al. (2006) 

Discharge Extracted as Discharge (m3 s-1) and converted to 
runoff (mm a-1) by dividing by the REC 
catchment area 
Area weighted average using zonal statistics tool 
 

NIWA Flow Dataset  
Source: Booker and Woods 
(2014) 

Topography 
Elevation DEM 15 m resolution extracted: Min, Max, Mean 

elevation. 
Units: m asl 

New Zealand School of 
Surveying, University of 
Otago 15 m DEM (v.1.0) 
 
Source: Columbus et al. 
(2011) 
 

Relief Calculated as Max – Min elevation 
Units: m asl 

Gradient DEM 15 m  resolution 
ArcGIS 10.1 Slope tool  
Mean Slope (degrees) 
Converted to gradient =radians(tan(slope)) 
Max Slope (degrees) 
Converted to gradient =radians(tan(slope)) 
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Table 3.6: Sources of metadata for land cover variables used to determine catchment characteristics, 
including source layers and processing undertaken in Esri ArcGIS (v10.1). 

Variable Dataset Resolution/Transformation Source 
Land Cover 
Vegetation 500 m cell size using layer name_2012, total area of each 

land cover type in km2 converted to percentage cover by 
dividing by catchment area. Discrete layers aggregated to 
classes of: 
Permanent Snow/ice 
Waterways 
Gravel or Rock 
Indigenous Forest 
Exotic Forest 
Indigenous Scrub 
Exotic Scrub 
High Producing Exotic Grassland 
Tussock 
Wetlands 
Subalpine and alpine herbfields 

Land cover database lcdb 
v4.1  
 
Source: Landcare Research 
(2015) 

Soil Dominant Soil Type extracted using the DOMNZSC 
Layer, each class area weighted and reported as percentage 
coverage. 
 
Soil chemical attributes extracted from different attributes 
in FSL as area weighted classes and reported as overall 
catchment medians. 
Soil pH  
Phosphorus retention  
Cation Exchange Capacity 
Total Soil Carbon (%) 
Particle Size Class 
 

Fundamental Soil Layer - 
New Zealand Soil 
Classification (2000) 
 
Source: Landcare Research 
(2010) 
https://lris.scinfo.org.nz/layer/
79-fsl-new-zealand-soil-
classification/ 

Erosivity NZLRI Erosion Type and Severity  
Erosive Severity Class (0 to 5)  
Data extracted from attribute Ero1SArea of each class 
summed and used to generate a catchment area weighted 
value between 0 and 5.  
 

New Zealand Land Resource 
Inventory (Edition 1)  
 
Source: Landcare Research 
(2010) 
https://lris.scinfo.org.nz/layer/
54-nzlri-erosion-type-and-
severity/ 

Geology 1:250,000 scale geology map (qmap) 
Main Rock Type Layer 
Top Rock Layer from New Zealand Land Resource 
Inventory (Edition 1)  
Area tool to calculate total area of each rock type in km2 
and converted to percentage cover by dividing by 
catchment area. 
 

GNS Science (2013) 
 
NZLRI Rock 
Source: Landcare (2011) 
https://lris.scinfo.org.nz/layer/
65-nzlri-rock/ 
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Table 3.7: Sources of metadata used to determine morphometric catchment characteristics, including source 
layers and processing undertaken in Esri ArcGIS (v10.1). 

Variable Dataset Resolution/Transformation Source 

Morphometrics 

Headwater Distance Used the ‘measure’ tool in GIS along main axis of 
REC catchment polygon to nearest coastline, in 
stream flow axial direction. 
Units: km 

Source data layers:  
REC Catchment Area (MfE, 
2010) 
Coastline Polygon (LINZ, 
2015) Centroid Northing and Easting in NZ Transverse Mercator 

calculated for each REC catchment polygon using 
automatic centroid tool from the Field Calculator 
in ArcGIS. Distance to coast determined as 
shortest distance from centroid to coastline using 
the Proximity Point Distance tool. 
Units: km 

Basin Length Determined using the ‘calculate geometry’ tool in 
ArcGIS. 
Units: km 

Form Factor Catchment area (km2) divided by basin length 
squared (km2). 
Units: dimensionless. 

Melton’s Ruggedness Catchment area (km2) divided by square root of 
relief (km2). 
Units: dimensionless. 

Stream Order Default REC Stream Order  

Drainage Density Stream length (km) divided by catchment area 
(km2) 
Units of km/km2 

Stream Length REC River network streams clipped to catchment 
area, then layer amalgamated from discrete 
vectors using dissolve tool.  
Total vector length automatically calculated using 
‘calculate geometry’ tool. 
Units: km 

 

3.8 Statistical Analysis 
Water quality data is typically reported as median concentration because water quality parameters 

are typically non-parametric (Helsel, 2012). Where data populations are strongly left skewed with 

extreme outliers, the most appropriate statistical approaches employ analytical techniques suited to 

non-parametric data populations (Helsel, 2012). Outliers were left in the data set, unless there was 

a particular reason for exclusion (for instance, extreme conditions during field collection). Data 

spread was determined by calculating the median absolute deviation (MAD), which is a more 
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accurate measure of data variability than traditional measures, like variance or standard deviation, 

because of the skewed nature of the data populations (Helsel and Hirsch, 2002). 

 

Testing for difference between two populations of one variable was undertaken using the Mann-

Whitney U Test, which is a median rank test and tested to the 95% confidence interval (i.e. 

significance determined in p < 0.05).  Testing between more than two populations of one variable 

(e.g. different land use clusters) was determined using Kruskal-Wallis Z Test with a Dunn’s Test 

pairwise comparison to determine the alternate hypotheses that 1) there is a difference between one 

population and the other populations (Kruskal-Wallis), followed by 2) the Dunn’s Test to compare 

each population pairwise to test for a significant difference. These tests were run using the Kruskal-

Wallis Multiple Comparisons (krusmc) macro in Minitab v16. For phosphorus and ammoniacal 

nitrogen the concentrations reported after blank correction showed that the data was strongly left 

skewed with considerable censored values (that is values below the analytical detection limit).  

When non-detects and censored data are analysed population statistics can be subject to over 

estimation (Helsel, 2012).  To assess whether there was any bias due to censored data values the 

Kaplain-Meier estimates of the mean, median and confidence intervals were calculated using the 

kmboot macro; and multiple population comparisons were also reanalysed using the Censored 

Data Kruskal-Wallis macro (censkw) in Minitab (Helsel, 2012). Comparison of the original 

Kruskal-Wallis output and the bootstrapped Kaplain-Meier estimates showed no difference in 

reported median values, or any difference in statistically significant population estimates, but did 

show minor changes in the reported Z and p-values.  Since there was no difference in the reported 

medians or interpretations of the data, only the standard method of analysis of difference are 

reported here, so that there is consistency between all of the nutrient variables. 

Cluster Analysis 
Cluster analysis was undertaken on land cover layers to determine up to six clusters based on soil 

type, geology, and land cover. The New Zealand Soil Classification layer in the NZ Land Resource 

Inventory (NZLRI) database was used to characterise the percentage cover of different soil types 

for each of the study catchments.  These soil types were extracted using ArcGIS to determine the 

area cover of each type, and converted to percentage cover.  The subsequent dataset was then 

analysed in SPSS (v. 22) as input variables into Hierarchical Cluster Analysis (HCA) to determine 

six clusters of similar soil types.  In total, 46 different soil types were used as input variables into 

HCA.  The same process was used to determine the geology clusters, by using the toprock layer in 

the NZLRI database where each the area of each rock type was extracted using ArcGIS and then 

calculated as a percentage of catchment cover.  A total of 21 rock types were input into HCA to 

generate the geology clusters. For vegetation cover, 16 land covers were used as input variables 

into the cluster analysis, as defined by the land cover database (v4.1). Again each vegetation cover 
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was extracted from the GIS layer and calculated as a percentage cover and these variables were 

then input into HCA. The geology, vegetation cover, and soil type clusters were determined using 

Ward’s linkage with squared Euclidean distance.  The input variables and dendrogram output from 

the cluster analysis are summarised in Appendix 2. These clusters were then used as the basis of 

hypothesis testing to determine if there was any difference in the nutrient concentrations between 

each cluster. 

Multiple Regression 
Multivariate analysis was performed using best subset multiple regression in Minitab (v. 16). For 

each nutrient, all catchment variables (including, climate, morphometrics, land cover, and location) 

were used as independent predictor variables.  The best subset routine is limited to 30 independent 

predictor variables; so multiple iterative subsets were run to generate the overall best subsets 

analysis.  The best subset criteria were determined by selecting the lowest Mallow’s Cp closest to 

0, which is an indicator of the adequacy for prediction, but is very sensitive to outliers and skewed 

responses (Ronchetti and Staudte, 1994). Model fit was also assessed by considering the lowest 

prediction residual sum of squares (PRESS), and the Durbin-Watson (DW) statistic where values 

>1.5 typically indicated that there was no covariance between independent predictors (Vinod, 

1973). From the best subsets analysis the independent predictor variables were then input into 

multiple linear regressions to determine a predictive model for each nutrient.  The predicted 

nutrient concentrations were then calculated using the predictive model. The predicted nutrient 

concentrations were plotted against the observed nutrient concentrations and each multivariate 

regression model was assessed for fit using four statistical measures: Pearson’s r2, the Nash 

Sutcliffe Estimator (NSE), percentage bias (PBIAS) and, the root mean square error (RMSE). For 

Pearson’s r2 (RSQ) and the NSE, where values are greater than 0.5 the predictive model is 

considered satisfactory. For percentage bias (PBIAS) where ±25% is denoted the predictive model 

is also considered satisfactory. The root mean square error (RMSE) and its scaled expression the 

RSR, deem a model satisfactory when RSR is approaching 0. These threshold and indicators for 

assessing model fit were chosen on the basis of criteria outlined in Moriasi et al. (2007) for 

hydrological variables. 
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Chapter Four 

4 Results 

The results of this investigation will be described in this chapter. Section 4.1 describes the general 

trends in concentrations and specific yields for each nutrient observed in the Southern Alps 

catchments over the two-year sampling period. In this section data is partitioned into west and east 

draining catchments to assess for spatial variability and the observed isotopic 13C values are 

explained. The relative concentrations of nutrients to each other (stoichiometry) is an important 

aspect to consider from an ecological perspective as it provides an integrated approach of 

interpreting and ecosystem function and health and is an alternative measure of water quality 

beyond simple threshold analysis. The most commonly used stoichiometric ratios are also 

described in Section 4.1. Seasonal (4.2) and other geophysical parameters (4.3) are investigated to 

assess if changes in climate, geology, vegetation or soil type influences the catchment-level 

concentrations of each nutrient analyte. Finally multivariate analysis (Section 4.4) determines the 

catchment characteristics that likely influence nutrient concentration, and test whether it is feasible 

to develop an a priori model for nutrient concentrations at the catchment scale.    

4.1 General Trends  

4.1.1 Southern Alps Nutrient Concentrations 

Water samples were collected from 55 to 72 catchments on 10 separate occasions over a two-year 

period to provide a data set of at least 560 data points for each nutrient. From these samples the 

nutrient concentrations were aggregated to determine median concentration for the Southern Alps 

for each sampling period (Table 4.1).  Dissolved inorganic carbon (DIC) ranged from 3.1 – 4.7 mg 

C L-1, with an overall median of 4.1 mg C L-1. The variability in the DIC data is very consistent 

between sampling rounds, with a median absolute range (MAD) of 0.6 – 1.0 mg C L-1 (Table 4.1). 

Dissolved organic carbon has an overall median of 1.8 mg C L-1 and median concentrations ranged 

from 1.4 – 3.0 mg C L-1, with a median absolute deviation range of 0.3 – 1.0 mg C L-1.  The median 

silicon value is 1.5 mg Si L-1, and median values ranged from 1.0 – 1.9 mg Si L-1, with an absolute 

deviation range of 0.4 – 0.7 mg Si L-1 (Table 4.1). Of note in the silicon data are the lower medians 

during October 2012 and May 2014, which both coincide with sampling rounds where there was 

Results 
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substantial rain for a few days during collection. The trace nutrients, nitrate, ammonium and 

phosphorus occur at much lower concentrations than carbon and silicon and are reported in 

elemental units of µg L-1.  

 

Table 4.1: Median concentrations and median absolute deviation (MAD) values for dissolved inorganic 
carbon (DIC), dissolved organic carbon (DOC), silicon (DSi), nitrate nitrogen (NO3), ammoniacal nitrogen 
(NH4) and phosphate phosphorus (PO4) for each sampling round across the Southern Alps.   

 DIC  (mg C L-1)  DOC   (mg C L-1)  DSi   (mg Si L-1)  

 Median MAD Count Median MAD Count Median MAD Count 
2012          
January 3.6 0.6 51 2.1 0.4 52 1.4 0.5 52 
October 3.1 0.6 51 2.1 0.5 52 1.0 0.4 47 
December 4.1 0.8 51 2.4 0.8 48 1.3 0.5 51 
2013          
April 4.2 1.0 49 3.0 1.0 52 1.7 0.5 52 
August 4.2 0.8 54 2.1 0.5 55 1.6 0.7 55 
November 3.3 0.6 55 1.8 0.3 55 1.4 0.5 55 
2014          
March 3.7 0.8 54 1.5 0.3 56 1.3 0.6 56 
May 3.4 0.7 63 1.4 0.3 63 1.1 0.6 63 
September 4.7 0.7 72 1.4 0.3 70 1.9 0.5 72 
November 4.4 1.0 78 1.4 0.4 81 1.8 0.4 81 
          
All Data 4.1 0.8 659 1.8 0.5 638 1.5 0.5 584 

 

 

 NO3 (µg N L-1) NH4  (µg N L-1) PO4   (µg P L-1) 

  Median MAD Count Median MAD Count Median MAD Count 

2012          
January 27.0 16.0 52 5.0 5.0 52 2.0 1.0 52 
October 23.5 14.5 52 1.0 1.0 52 1.0 1.0 52 
December 22.5 16.0 51 2.0 2.0 51 0.0 0.0 52 
2013          
April 39.5 21.5 52 4.3 4.3 52 0.0 0.0 52 
August 42.0 25.0 55 2.0 2.0 55 0.0 0.0 55 
November 34.0 17.0 55 8.0 7.0 55 0.0 0.0 55 
2014          
March 24.0 13.0 56 0.0 0.0 56 0.0 0.0 56 
May 34.3 16.0 63 9.6 7.0 63 2.0 1.0 63 
September 34.6 16.1 72 4.0 4.0 72 2.0 0.7 72 
November 33.8 15.6 81 6.8 4.0 81 2.3 1.5 81 
          
All Data 32.0 16.5 589 4.0 3.0 589 1.0 0.3 590 
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Nitrate nitrogen median values encompassed a wider range from 22.5 – 42.0 µg N L-1 with a 

corresponding median absolute deviation range of 13.0 – 25.0 µg N L-1 and are much more variable 

than the carbon and silicon concentrations. Ammoniacal nitrogen median values ranged from 0.0 – 

9.6 µg N L-1, with the median absolute deviation range almost matching the median range from 0.0 

– 7.0 µg N L-1, which is a consequence of a highly censored data set. That is, 167 data points  

(equivalent to 28% of the ammonium data) were below the analytical detection limit. Similarly, 

phosphate phosphorus had a very low median range and median absolute deviation range of 0.0 – 

2.3 µg P L-1 and 0.0 – 1.5 µg P L-1 respectively and also was highly censored, with 230 data points 

(39%) below the analytical detection limit.  The concentrations of ammoniacal nitrogen and 

phosphate phosphorous are strongly skewed, with a high frequency of observed concentrations 

towards 0.0 µg L-1 (or the detection limit) and several higher or extreme concentrations observed 

(Fig. 4.1). The higher frequency of low concentrations and wide spread of extreme, or higher 

values, for both ammoniacal nitrogen and phosphate phosphorous emphasizes the sensitivity of 

both of these elements. The frequency of dissolved organic carbon and nitrate nitrogen 

concentrations also displays skewness, but not to the extreme of either ammoniacal nitrogen or 

phosphate phosphorous and more so than that of dissolved inorganic carbon and silicon (Fig. 4.1). 

 

To determine if there was a variation in the concentration of nutrients across the main divide of the 

Southern Alps, the concentration of each nutrient was partitioned into west coast and east coast 

draining catchments. The median concentration of dissolved inorganic carbon and dissolved 

organic carbon was within 0.3 mg C L-1 between the west and east coast catchments (Table 4.2), 

and suggests that there is no difference in carbon concentration across the main divide. The 

ammoniacal nitrogen concentrations ranged from 4.0 – 4.7 µg N L-1 and silicon concentrations 

were within 0.3 mg Si L-1 for the west and east coast catchments. The median concentration of 

phosphate phosphorous was the same independent of which side of the main divide the catchments 

were on, at 1.0 µg P L-1. Nitrate nitrogen showed a much wider spread in the median 

concentrations between the west and east coast catchments with a median concentration of 40.0 µg 

N L-1 on the west coast and 19.1 µg N L-1 on the east coast (Table 4.2).    

 

There is no apparent trend in the distribution of dissolved inorganic carbon median concentrations 

spatially, whereas dissolved organic carbon tended to have lower concentrations in the catchments 

that drain to the east of the Southern Alps main divide (Fig. 4.2). Nitrate nitrogen concentrations 

were well distributed across the catchments, with the higher median concentration mostly occurring 

in the catchments located on the upper side of the west coast, i.e. the Grey River with a median 

concentration of 107.5 µg N L-1. There does not appear to be a pattern in the median concentration 

of ammoniacal nitrogen or phosphate phosphorous across the catchments. Overall the phosphate 
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phosphorous median concentrations are considered low, with the highest median concentration of 

5.3 µg P L-1 found in the Hokitika Upper catchment (Fig. 4.2). Catchments that had a higher 

median concentration of silicon were dominantly on the east of the main divide (Fig. 4.2).  

 

 
 
Figure 4.1: Histograms of the frequency of concentrations observed for each element, in elemental units 
observed over the two-year sampling period. The data are strongly left skewed, and the population fit (black 
line) is the predicted population curve equivalent to the largest extreme value curve (a generalised extreme 
value, type 1) generated in Minitab to display the population distribution. 
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Using a two sample non-parametric test of significance, Mann-Whitney test, it was concluded that 

there was a significant difference between the concentrations of the west coast catchments in 

comparison to the east coast catchments for dissolved organic carbon, nitrate nitrogen and silicon, 

at a 95% confidence level. The concentration of dissolved organic carbon was significantly higher 

on the west coast than the east; this was also observed for nitrate nitrogen. However, silicon was 

significantly higher on the east coast compared to the west. There was no significant difference 

observed between the concentrations of dissolved inorganic carbon, ammoniacal nitrogen and 

phosphate phosphorous between the west and east coast catchments. Further analysis of area size 

concluded that there is no significant difference between the concentrations of any variable in 

relation to catchment area size.  

 

The median range of values for each nutrient (Table 4.1), the range and frequency of 

concentrations recorded (Fig. 4.2) and the plotted median values (Fig. 4.3) provide an indication of 

the median concentration for each catchment over a two-year period. However, to assess what is 

driving these concentrations and if the concentrations vary across time and space cluster and 

multivariate analysis was carried out to tease out possible variables that may be driving the 

observed concentration and trends (Section 4.2 and 4.3). Henceforth all analyses and results will be 

limited to include 71 sampling sites, based on the criteria that each catchment had three or more 

data points for each element. These sampling locations and catchments were described in Fig. 3.2 

and a full list of catchment and site names with the associated coordinates are in Appendix 1.  

 

Table 4.2: The median (Mdn) concentrations and median absolute deviation (MAD), in elemental units, for 
all nutrients separated into the direction that the river network drains (i.e. west or east of the main divide of 
the Southern Alps) for all catchments and all samples collected between 2012–2014. West Coast medians are 
calculated from 380 samples, and East Coast medians are calculated from 330 samples. 

 DIC‡ DOC‡ NO3
 † NH4

† PO4
† DSi‡ 

 
Mdn  MAD Mdn MAD Mdn MAD Mdn MAD Mdn MAD Mdn MAD 

West 
Coast 3.8 0.9 1.9 0.4 40.0 15.0 4.0 3.0 1.0 0.5 1.3 0.4 

East 
Coast 3.9 0.5 1.6 0.5 19.1 17.5 4.7 2.8 1.0 0.0 1.6 0.6 

‡ Concentrations are reported in elemental units of mg L-1 

† Concentrations are reported in elemental units of µg L-1  
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Figure 4.2: The median concentration, in elemental units, of dissolved inorganic carbon (DIC), dissolved 
organic carbon (DOC), nitrate nitrogen (NO3), ammoniacal nitrogen (NH4), phosphate phosphorous (PO4) 
and silicon (DSi) for each catchment, using all data collected from January 2012 – November 2014, mapped 
using ArcGIS (v.10.1).  
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4.1.2 Stable Isotope Tracer (δ13CDIC) 

The stable isotope of carbon (δ13C) was analysed to determine whether there was any difference in 

the potential sources of inorganic carbon between catchments.  Samples for isotopic analysis were 

collected from 68 catchments in September and November 2014, with median δ13C ratios of -6.9 

and -6.7‰ respectively and median absolute deviations of δ13C 1.9‰. There was no significant 

difference in the δ13C ratios between the September (winter) and November 2014 (spring) 

collections in the overall median values, however, some catchments did show significant shifts in 

the δ13C ratios (e.g. Okuru -15.8‰ and -9.3‰, Okarito -4.7‰ and -9.8‰), but typically differences 

between the two collections for each site were less than δ13C 1.5‰.  An examination of the δ13C 

showed a general trend for more depleted values to occur in catchments with higher percentage 

forest cover (Table 4.3), and more enriched values in catchments with higher percentage tussock 

grassland cover.  Catchments with higher median elevation were also more enriched in δ13C (Table 

4.4). The concentration of dissolved inorganic carbon and dissolved organic carbon did not show a 

response to the percentage of forest or tussock cover or elevation change. The δ13C values were 

broadly distributed with two modes. The first mode is relatively enriched between -8 to -1‰, that 

lies between the δ13C ratio values of the New Zealand lithology of ~ δ13C -8‰ and the ratio for 

atmospheric CO2 when dissolved in water (~δ13C -1‰).  The second mode is around δ13C -8‰ 

with a long skewed tail to δ13C -15‰ and lies between the lithological values and the ratio for soil-

derived CO2 of δ13C -24‰ (Fig. 4.3a). There does not appear to be any pattern in δ13C across the 

Southern Alps.  

 

Table 4.3: The mean and median values of δ13C (‰) from the September and November 2014 sampling 
rounds, with differences in catchment forest and tussock cover (as a percentage of the total catchment area). 
Dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) concentrations, in mg C L-1 
expressed with the number of samples denoted in the count (n) column.  

Land Cover  Count (n) Mean δ13C  
 

Median δ13C  DOC  DIC  

       
Forest Cover  
 

75 – 99 6 -8.0 -8.1 1.9 5.3 
50 – 74 12 -8.0 -8.5 1.4 5.2 
25 – 49 22 -7.4 -7.7 1.5 5.8 
1 – 24 20 -6.3 -6.6 1.5 6.6 
0 8 -5.3 -5.2 1.2 5.5 

       
Tussock 
grassland 
cover  

75 – 99 6 -4.9 -4.3 1.7 6.1 
50 – 74 13 -6.2 -6.0 1.3 6.0 
25 – 49 23 -7.5 -7.9 1.5 5.8 
1 – 24 23 -7.5  -7.9 1.5 5.5 
0 3 -8.0 -8.9 1.9 6.9 
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Table 4.4: The mean and median values of δ13C (‰) from the September and November 2014 sampling 
rounds, ranked by catchment mean elevation in metres above sea level (m asl). Dissolved inorganic carbon 
(DIC) and dissolved organic carbon (DOC) concentrations, in mg C L-1 expressed, with the number of 
samples denoted in the count (n) column.  

Elevation  Count (n) Mean δ13C  Median δ13C  DOC DIC  
      
> 1200 22 -6.0 -6.0 1.3 5.9 
800 – 1199 28 -6.9 -7.1 1.5 5.9 
400 – 799 15 -8.3 -9.3 1.4 5.3 
 < 400 4 -8.7 -8.7 2.2 5.4 
 

 

 

Figure 4.3: Distribution of δ13C (‰) ratios measured from the Southern Alps catchments collected in 
September and November 2014, with a) a histogram of the frequency of values across the Southern Alps 
denoted under and b) the distribution of values mapped across the study locations.  
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4.1.3 Southern Alps Nutrient Export 

The export of material from catchments is typically expressed as a specific yield, that is, discharge 

weighted and normalised for catchment area. The specific yield for each catchment was calculated 

using the catchment median nutrient concentration and the NIWA modelled mean annual flow (see 

Section 3.4.5) since only 14 of the sampled catchments are regularly gauged.  The range of 

dissolved organic carbon specific yields in the west coast catchments varies from 4.27 to 15.85 

t km-2 a-1, which is a smaller range of values for dissolved inorganic carbon specific yields that 

ranged from 4.7 to 33.0 t km-2 a-1 (Table 4.5). The silicon flux across the west coast catchment 

ranges from 3.0 – 13.2 t km-2 a-1. Nitrate nitrogen had a wide range of specific yields across the 

west coast catchments, for example, only exporting 3.1 kg km-2 a-1 in the Moeraki catchment 

compared to 335.1 kg km-2 a-1 in the Grey catchment (Table 4.5). The low specific yield of nitrate 

nitrogen from the Moeraki catchment, however, could be attenuated to the presence of a lake 

immediately upstream of the sampling location. Okarito similarly has a lake upstream of the 

sampling location, but the specific yield of nitrate nitrogen is 69.5 kg km-2 a-1. Suggesting that the 

presence of a lake upstream may not be a mitigating factor on nitrate export. Furthermore, the low 

specific yields for nitrate nitrogen, and dissolved organic and inorganic carbon, could be controlled 

by other factors such as tannin-rich environments, or low elevation catchments like Okarito, 

Moeraki, Totara and Waita catchments. These catchments all have specific yields at the lower end 

of the range of observed values.  

 
For the east coast catchments the nutrient specific yields are lower than the west coast; for instance, 

silicon is much lower with a range of only 0.3 – 6.9 t km-2 a-1, dissolved inorganic carbon ranges 

from 0.8 – 23.8 t km-2 a-1 and dissolved organic carbon from 0.3 – 12.0 t km-2 a-1 (Table 4.6). The 

range of specific yields is also smaller for nitrate nitrogen, ammoniacal nitrogen and phosphate 

phosphorous on the east coast, however, there are fewer catchments with no flux of ammoniacal 

nitrogen and phosphate phosphorous; all the east catchments have an export of ammoniacal 

nitrogen and only one catchment had phosphate phosphorous below detection limit, the Matukituki 

catchment (Table 4.6).  
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Table 4.5: The calculated specified yields for each catchment on the west of the main divide of the Southern 
Alps. Using the catchment area from the MfE (2010) REC stream order layers and the NIWA simulated 
discharge values. Catchments are categorised into three groups dependent on catchment area size (10–100 
km2, 100–1000 km2 and >1000 km2).  

Name 
Area 
(km2) 

Specific Yield 
DIC DOC NO3 NH4 PO4 DSi 

t C km-2 a-1 t C km-2 a-1 kg N km-2 a-1 kg N km-2 a-1 kg P km-2 a-1 t Si km-2 a-1 
 
Small Catchments 10 - 100 km2 
Bullock Crk 52 10.5 4.3 284.0 16.2 4.2 4.9 
Fox 97 33.0 12.2 229.6 37.5 10.3 1.9 
Kakapotahi 91 24.8 8.0 170.8 59.3 6.8 12.7 
Ohinetamatea 31 14.1 7.8 55.0 23.0 – 11.7 
Okarito 63 7.6 8.7 69.5 11.5 1.3 3.0 
Omoeroa 46 11.9 4.5 117.3 2.4 1.3 4.0 
Porarari 52 20.5 10.0 193.5 16.3 3.6 4.4 
Punakaiki 63 15.2 8.2 185.8 9.2 4.0 4.9 
Pyke Crk 10 13.7 7.4 190.8 16.7 2.8 4.3 
Waikukupa 66 26.9 7.9 216.9 9.2 6.9 5.5 
 
Medium Catchments 100 to 1000 km2 
Arahura 287 16.2 8.4 257.6 13.6 13.8 10.3 
Arawhata 933 23.8 12.5 137.2 31.1 3.3 6.0 
Cook/Weheka 181 29.8 10.1 235.0 24.2 5.5 6.9 
Hokitika 719 18.4 10.3 257.8 26.9 14.7 8.4 
Karangarua 408 24.4 10.9 199.3 8.7 – 6.3 
Kokatahi 347 16.1 8.4 495.4 7.2 17.6 9.3 
Mahitahi 197 23.3 13.3 369.8 12.6 7.0 13.2 
Makawhio 169 20.0 10.4 196.6 38.1 – 9.3 
Mikonui 158 25.7 10.3 261.8 22.0 2.6 9.8 
Moeraki 107 12.0 10.9 3.1 30.7 – 6.1 
Okuru 285 14.6 11.5 139.8 28.0 – 4.4 
Otira 164 17.5 7.9 254.9 – 5.6 10.6 
Paringa 365 18.0 8.1 207.5 25.7 2.1 8.2 
Poerua 202 26.1 10.6 528.7 7.1 7.1 7.6 
Taramakau 404 20.7 7.7 317.7 16.8 9.6 11.3 
Totara 100 4.7 3.3 36.7 0.9 – 2.9 
Waiatoto 470 29.5 15.9 271.6 27.6 – 5.5 
Waiho 162 29.5 14.4 294.9 50.2 12.6 3.5 
Waita 130 8.1 10.3 28.8 15.5 – 5.0 
Waitaha 316 20.9 9.2 479.6 10.2 8.9 7.5 
Waitangitaona 104 22.5 10.3 274.2 10.9 5.5 9.1 
Wanganui 521 29.5 14.3 330.0 34.7 12.6 11.2 
Whataroa 594 30.6 12.8 268.7 16.3 13.6 9.7 
 
Large Catchments > 1000 km2 
Haast/Awarua 1063 31.2 9.1 123.3 58.4 7.6 8.8 
Grey/Mawheranui 3947 9.5 8.0 335.1 18.7 – 3.2 
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Table 4.6: The calculated specified yields for each catchment on the east of the main divide of the Southern 
Alps. Using the catchment area from the MfE (2010) REC stream order layers and the NIWA simulated 
discharge values. Catchments are also categorised into three groups dependent on catchment area size (10-
100 km2, 100- 1000 km2 and >1000 km2). 

Name 

Area 

(km2) 

Specific Yield 
DIC DOC NO3 NH4 PO4 DSi 

t C km-2 a-1 t C km-2 a-1 kg N km-2 a-1 kg N km-2 a-1 kg P km-2 a-1 t Si km-2 a-1 
 
Small Catchments 10 - 100 km2 
Birch Hill Stm 12 6.0 2.1 89.2 14.2 1.7 2.4 
Bush Crk 51 5.2 1.6 19.9 8.8 2.9 1.9 
Cameron 75 5.4 1.9 22.0 6.9 2.5 3.1 
Camerons Crk 51 9.1 5.7 43.5 2.4 0.8 4.3 
Route Burn 82 12.2 5.4 62.8 18.5 6.9 5.5 
 
Medium Catchments 100 to 1000 km2 
Arrow/Haihainui 237 3.6 1.1 0.6 3.4 1.1 0.9 
Ashburton N/Hakatere 336 3.9 1.3 10.6 3.8 0.8 2.0 
Ashburton S/Hakatere 612 2.8 1.3 58.8 2.4 0.8 2.0 
Cardrona 130 0.8 0.3 0.6 1.0 0.2 0.3 
Cass 306 5.5 1.2 45.1 16.8 3.3 2.9 
Dart/Te Awa Whakatipu 481 19.2 12.0 90.6 27.7 4.6 3.9 
Dobson 359 7.1 1.8 65.7 8.0 2.3 3.9 
Greenstone/Hokonui 353 8.7 5.8 16.6 8.8 1.2 5.4 
Harper/Mahaanui 347 8.2 2.0 55.1 8.5 5.1 4.5 
Hooker 105 23.8 7.5 124.6 18.2 9.1 3.5 
Jollie 148 4.2 1.0 37.2 9.2 5.1 3.4 
Macaulay 243 5.7 1.9 8.1 1.7 0.8 3.5 
Makarora 116 13.4 6.6 53.7 3.3 1.7 4.7 
Matukituki  506 16.8 7.4 147.9 17.7 – 2.4 
Rees/Puahere 406 8.9 4.6 15.0 18.0 3.0 2.4 
Tasman 363 14.7 5.1 76.9 22.4 7.5 2.0 
Temple 100 6.0 2.1 18.1 4.9 1.6 3.6 
Waimakariri 524 10.0 4.7 108.3 15.3 5.9 6.9 
 
Large Catchments > 1000 km2 
Ahuriri 1702 3.5 1.7 24.7 4.2 1.7 2.4 
Rakaia 1173 10.2 3.3 81.2 4.2 2.4 4.9 
Rangitata 1816 6.7 2.4 71.2 4.5 1.9 4.4 
Shotover/Kimi-ākau 1099 7.6 3.5 13.5 8.4 0.7 1.4 
Wilberforce/Te 
Waitawhiri 1034 9.8 2.9 83.3 9.3 3.4 4.8 
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The difference in the amount of each nutrient being exported from the west and east coast 

catchments can clearly be observed when mapped across the Southern Alps (Fig. 4.4). The amount 

of dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), and nitrate nitrogen (NO3) 

being exported from the west coast catchments is higher, on average, than the amount exported 

from the east coast catchments (Fig. 4.4). The specific yields are, as expected, highly correlated 

with runoff (Fig. 4.5), however, the strength of these associations varies between nutrients and the 

east and west coast catchments (Table 4.7).  In particular, it is of interest to note that nitrate 

nitrogen and phosphate phosphorus are not significantly correlated for the west coast catchments, 

but they are moderately associated in the east coast catchments.  Both DIC and DOC are strongly 

associated with runoff on the east coast (Table 4.7). 

 

Table 4.7: Spearman’s rho correlation coefficients for nutrient specific yields from the Southern Alps relative 
to runoff (mm a-1). All reported correlation coefficients are significant at the 95% confidence level, and n.s. 
signifies no significant correlation at this level. Dissolved inorganic carbon (DIC), dissolved organic carbon 
(DOC) and silicon (DSi) are in elemental units of t km-2 a-1, whereas ammoniacal nitrogen (NH4), nitrate 
nitrogen  (NO3) and phosphate phosphorous (PO4) are in elemental units of kg km-2 a-1. 

 DIC DOC NH4 NO3  PO4 DSi 

Runoff (mm a-1)       

All Catchments 0.86 0.89 0.66 0.64 0.34 0.72 

West Coast 0.57 0.67 0.55 n.s. n.s. 0.44 

East Coast 0.95 0.91 0.53 0.59 0.55 0.66 
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Figure 4.4: The calculated specific yield for each nutrient across all 71 catchments, using the median 
concentration of each nutrient from the 10 sampling rounds. The calculated specific yield of dissolved 
inorganic carbon (DIC), dissolved organic carbon (DOC), and silicon (DSi) is in units of t km-2 a-1. Nitrate 
nitrogen (NO3), ammoniacal nitrogen (NH4) and phosphate phosphorous (PO4) are in units of kg km-2 a-1.  
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Figure 4.5: Specific yield related to runoff for all catchments measured in the Southern Alps. For some 
variables (e.g. DIC, DOC) there is a strong association between yield and runoff; and typically there is more 
variability in the west coast catchments. 

 

The west and east coast trend in specific yield values were not as evident for ammoniacal nitrogen 

(NH4), phosphate phosphorous (PO4), and silicon (DSi). The amount of ammoniacal nitrogen being 

exported was higher on the west coast but a selection of the east coast catchments also had similar 

values (Fig. 4.4). The phosphate phosphorous specific yields were higher in the central west coast 

catchments, but within a similar range of specific yield values for the northern and southern west 

coast catchments as the east coast catchments (Fig. 4.4). The ammoniacal nitrogen yields are highly 

variable ranging from 0.0 to 59.3 kg km-2 a-1 on the west coast, compared to 1.7 to 27.7 kg km-2 a-1 

on the east (Fig. 4.5). The export of no measurable ammoniacal nitrogen from the Otira catchment 

demonstrates the volatile nature of the nutrient and the censored nature of the data set. The 

phosphate phosphorous range was also highly variable through the west coast catchments, ranging 

from 0.0 – 17.6 kg km-2 a-1. The naturally low levels of both ammoniacal nitrate and phosphate 

phosphorous within these rivers and the highly censored concentration data for these variables 

suggest that there is considerable uncertainty in the projected specific yields for these variables. 

When determining specific yields for any nutrient it is standard practice to use weighted discharge 

concentrations, however, due to the nature and scale of the data most of the catchments are not 

gauged and weighted concentration values could only be calculated for 11 of the 71 catchments. To 
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assess the uncertainty of this approach the specific yield was also calculated using a discharge 

weighted specific yield for 11 gauged catchments and compared to the estimated specific yields 

using the median concentration on modelled flow values (Appendix 3). Comparison of the two 

approaches to determining specific yield suggest that the potential error in specific yield is 

0.8 t C km-2 a-1 (17%) for DOC, -2.2 t C km-2 a-1 (19%) for DIC, -1.1 t Si km-2 a-1 (22%) for DSi, 

and -0.02 kg N km-2 a-1 (17%) for NO3. Thus, for the nutrients DIC, DOC, DSi and NO3 the 

projected specific yields are typically within 20% of the discharge-weighted estimation. By 

comparison, the error associated with NH4 and PO4 are 51 and 76%, which reflects the problematic 

approach of using a discharge-weighted concentration on censored data, that is it tends to 

significantly underestimate specific yield.  

4.1.4 Stoichiometry  

Stoichiometry refers to the elemental proportions between different analytes and is a useful tool for 

considering the interactions that occur between different nutrients.  Standard practice is to consider 

the ratios of particular elements within systems in molar units. Preliminary analysis of the nutrient 

concentrations using correlation, showed weak to very weak associations between all variables 

(Table 4.8). The distribution and frequency of the stoichiometric ratios indicate the spread of ratios 

across the Southern Alps (Fig. 4.6). Dissolved organic carbon and dissolved inorganic carbon 

(DOC:DIC) were the most evenly distributed, ranging from 0.7:1 to just under 5.7:1, and the most 

frequent ratio across all the catchments was approximately 2:1, a ratio occurring in just over 20 of 

the catchments (Fig. 4.6). All other ratios display strong left skewness in the frequency of the 

ratios. The dissolved carbon to nitrogen (C:N) ratio is most frequently around 200:1, but ranged up 

to 1399:1. The carbon to silicon (C:DSi) ratio is predominantly in the range of 31.7 – 45.6 :1 C:DSi 

with one case of 200:1 (Fig. 4.6). The nitrogen to phosphorous (N:P) ratio was most commonly 

39.3 – 54.3:1, with one case at 203:1. The silicon to nitrogen (DSi:N) ratio also showed an 

interesting distribution with most of the ratios falling between 10:1 and 70:1 with a large jump to 

the next ratio at 159:1 parts of silicon to nitrogen (Fig. 4.6)  

 

Table 4.8: Spearman’s rho correlation coefficient values showing the statistically significant correlations 
between nutrients at the 95% confidence interval.  

 DIC DOC NH4 NO3 PO4 
DOC 0.10     
NH4 -0.01 -0.02    
NO3 0.31 0.02 0.05   
PO4 0.11 -0.24 0.02 0.02  
DSi 0.02 -0.22 -0.07 0.22 0.13 
 

The east coast catchments have a higher DIC:DOC ratio (typically 2 – 5 :1) relative to the west 

coast, where many of the west coast catchments have a ratio of 2:1 or less (Fig. 4.7, Appendix 4). 
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The ratio of dissolved carbon to nitrogen (C:N) does not follow any trends or patterns when 

mapped across the sample catchments (Fig. 4.7). The same can be said for the OC:N, DSi:N and 

N:P ratios. The stoichiometric ratios for dissolved carbon to silica (C:DSi), however, appears to 

have a west to east trend, with a lower ratios on the east coast (<25:1 relative to > 35:1 on the west 

coast).  

Figure 4.6: Histograms of the frequency of stoichiometric ratios observed for all paired concentrations 
measured collected for the Southern Alps catchments between 2012–2014. The black line is the projected 
best population fit using the largest extreme value curve (generalised extreme value, type 1) due to the 
strongly left skewed data. 
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Figure 4.7: The stoichiometry ratios in molar units between dissolved inorganic and organic carbon, 
dissolved carbon and nitrogen, dissolved carbon and silicon, dissolved organic carbon and nitrogen, 
nitrogen and phosphate phosphorous and dissolved silicon and nitrogen for the 71 catchments. See Appendix 
4 for each catchment value. 



 77 

4.2 Seasonal Variation 
To determine if there was any variation in nutrient concentration with the seasons, the data were 

reclassified into seasons based on the date of data collection relative to the solstice and equinoxes. 

For each nutrient all of the data points collected in summer (January 2012, December 2012 and 

March 2014), autumn (April 2013 and May 2014), winter (August 2013 and September 2014) and, 

spring (October 2012, November 2013 and November 2014) were grouped and tested for 

concentration differences. From the subsequent seasonally-pooled data set it was observed that 

there was a small spread in the median concentrations associated with each season, with 

ammoniacal nitrogen (NH4) being the exception. Ammoniacal nitrogen ranges from 2.0 – 

7.0 µg N L-1 (Table 4.9), with MAD values of 2.0, 4.3, 2.2 and 3.8 for summer, autumn, winter and 

spring respectively. Dissolved inorganic carbon (DIC) only ranged by 1.1 mg C L-1, with the lowest 

median of 3.5 mg C L-1 in spring and the highest median of 4.6 mg C L-1 in winter (Table 4.9), with 

MAD values ranging from 0.7 to 1.0 mg C L-1. Dissolved organic carbon (DOC) only changed by 

0.2 mg C L-1, ranging from 1.7 – 1.9 mg C L-1 from summer through to spring. Nitrate nitrogen 

(NO3) had the lowest median concentration in summer (24.5 µg N L-1) and peaked in autumn (38.3 

µg N L-1), closely followed by winter (Table 4.9). There was high variability in the spread of 

nitrate nitrogen values with seasonal MAD values ranging from 15.0 to 19.0 5 µg N L-1. Phosphate 

phosphorous (PO4) showed very little difference in concentrations between seasons from 

1.0 µg P L-1 in summer, autumn and spring to 1.3 µg P L-1 in winter, and likely reflects the strongly 

censored dataset. Lastly, silicon (DSi) ranged seasonally from 1.3 – 1.8 mg Si L-1 with lower values 

observed during spring and summer (Table 4.9), but with very little variability in the datasets with 

MAD values ranging between 0.4 to 0.6 mg Si L-1.  

 

Table 4.9: The median concentrations (Mdn) and median absolute deviation (MAD), in elemental units, for 
all nutrients grouped into summer, autumn, winter, and spring sampling rounds. The number of samples for 
each season is denoted in the count (n) column, these were different for nitrate nitrogen (NO3); where the 
count for summer was 199, autumn, 137, winter 138 and spring 204. 

 DIC‡ DOC‡ NO3
† NH4

† PO4
† DSi‡ Count 

(n) Season Mdn MAD Mdn MAD Mdn MAD Mdn MAD Mdn MAD Mdn MAD 

Summer 3.8 1.0 1.9 0.5 24.5 15.0 2.0 2.0 1.0 0.0 1.3 0.5 213 

Autumn 3.7 0.9 1.8 0.6 38.3 18.5 7.0 4.3 1.0 0.0 1.5 0.6 142 

Winter 4.6 0.7 1.7 0.4 37.5 19.0 3.0 2.2 1.3 0.3 1.8 0.6 142 

Spring 3.5 0.7 1.7 0.4 32.0 15.5 6.0 3.8 1.0 1.0 1.4 0.4 213 
‡ Concentrations are reported in elemental units of mg L-1 

† Concentrations are reported in elemental units of µg L-1  
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Comparison analysis using a Kruskal-Wallis Z-test with a Dunn pairwise test at the 95% 

confidence interval (as described in Section 3.4.8), showed statistically significant differences in 

the concentration medians between seasons for each nutrient. The concentration of dissolved 

inorganic carbon (DIC) in winter was significantly different from the DIC concentrations in 

summer, autumn and spring (Table 4.10). Similarly, the concentration of silicon (DSi) was 

significantly different in winter from the other seasons. Both the DIC and DSi concentrations were 

highest during the winter period, 4.6 and 1.8 mg L-1 respectively. The concentration of dissolved 

organic carbon (DOC) in spring was significantly different from summer and autumn (Table 4.10). 

The median concentration of DOC in the spring and winter was the same, 1.7 mg C L-1, and was 

lower than that of autumn and summer. Nitrate nitrogen (NO3) concentrations were significantly 

lower in summer than during any other season. Phosphate phosphorous (PO4) was significantly 

different in summer from spring and autumn even though all three seasons had the same median 

concentration, 0.0 µg P L-1. Lastly, ammoniacal nitrogen (NH4) was significantly lower in summer 

than it was in autumn and spring, and significantly higher in winter than in autumn and spring 

(Table 4.10).  On the basis of this analysis it suggests that for all nutrients there is variation in their 

concentrations between seasons, but that these patterns are not consistent between nutrients.  

 

Table 4.10: Matrix table indicating the nutrients that showed a statistically significant difference between 
sampling seasons as determined using Kruskal-Wallis Z-test with a Dunn’s pairwise test for significant 
difference at the 95% confidence interval.  

  Summer Autumn Winter 

Summer       

Autumn PO4, NH4, NO3     

Winter DSi, DIC, NO3 DSi, NH4, DIC   

Spring PO4, NH4, DOC, NO3 DOC DSi, NH4, DIC 

 

 

4.3 Influence of Land Cover on Nutrients 
To assess whether the observed nutrient concentrations and specific yields were associated with 

variations in land cover across the Southern Alps, cluster analysis was undertaken to define the 

geology (Section 4.3.1), vegetation (Section 4.3.2) and soil type (Section 4.3.3) variations across 

the catchments.  Ward’s linkage using squared Euclidean distance was used to determine clusters 

of similar land cover based on the percentage coverage of each land cover. 
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4.3.1 Geology  

All of the catchments were classified into six geology clusters using cluster analysis (Appendix 3) 

based on the percentage catchment cover of each lithological unit defined in the top rock layer 

from the Landcare NZLRI GIS dataset (Fig. 4.8). Geology cluster 1 catchments were dominated by 

greywacke and alluvium, 59% and 23% respectively (Table 4.11). Cluster 2 was alluvium (40%) 

and schist (17%) and only contains four catchments. Schist dominated cluster 3 with 57% schist 

and alluvium cover with significant ice noted. Geology cluster 4 was similar to cluster 3, but with a 

higher percentage of schist (87%) with less alluvium, snow and ice (Table 4.11). Cluster 5 is 

distinctly different from the other geology clusters and is a combination of 26% limestone, 23% 

gneiss, 21% mudstone and 14% conglomerate (Table 4.11). There are only two catchments that fall 

within this cluster, Bullock Creek and Porarari River in Paparoa National Park. Cluster 6 grouped 

together the remaining 15 catchments that were dominated by 45% permanent snow and ice and 

23% greywacke (Table 4.11).   

 

Figure 4.8: The 71 study catchments grouped into six clusters using cluster analysis and mapped in ArcGIS, 
to show the change in geology across the Southern Alps of New Zealand. Clusters were defined using the 
toprock percentage cover from the Landcare NZLRI (2011) as attributes to cluster analysis using Ward’s 
squared Euclidean linkage in Minitab (v16.0). 
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The catchments within geology cluster 1 are east coast dominated, with the exception of Punakaiki 

(38) and Totara (33) (Fig. 4.8). Conversely, the sites within cluster 3 were all on the west of the 

main divide, highlighting the shift in geology from the east to west associated with the alpine fault. 

Cluster 5 was comprised of calcite-bearing rocks and only had two catchments (Table 4.11) and 

cluster 6 was comprised of catchments that are dominated by the presence of permanent snow and 

ice over and were also the catchments with the highest elevation. See Appendix 3 for the full list of 

catchments within each cluster.  

 

Table 4.11: Description of the main geology types within the six geology clusters used to group catchments 
based on geology as defined by the NZLRI Landcare (2011) rock layers, using a Ward’s squared Euclidean 
linkage, with the number of catchments and sites within each cluster noted under count.  

Geology Cluster Count Description 
 

Cluster 1 23 59% Greywacke, 23% alluvium, 4% semi-schist  

Cluster 2 4 40% alluvium, 17% schist, 17% semi-schist, 6% greywacke 

Cluster 3 26 57% schist, 19% alluvium, 7% ice 

Cluster 4 11 87% schist, 5% alluvium, 5% permanent snow and ice 

Cluster 5 2 26% limestone, 23% gneiss, 21% mudstone, 14% conglomerate  

Cluster 6 5 45% permanent snow and ice, 23% greywacke, 15% schist, 10% alluvium  

 

 

Cluster 3 (west coast schist and alluvium) typically had the highest specific yields for each nutrient, 

although its concentrations were typical of the values observed in other clusters.  For instance, the 

silicon yield for cluster 3 was 8.3 t Si km-2 a-1, which is almost double that of cluster 5 (4.6 t Si km-

2 a-1), yet their respective silicon concentrations are 1.4 mg Si L-1. The strongly glaciated 

catchments (Cluster 6) had the highest yields for DIC (23.8 t C km-2 a-1), ammoniacal nitrogen 

(33.9 kg N km-2 a-1) and phosphate phosphorus (9.1 kg P km-2 a-1). By contrast cluster 1 (east coast 

greywacke) typically had the lower specific yields for DIC, DOC, NO3 and NH4 (Table 4.12). 
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Table 4.12: The median concentrations, in elemental units, for all nutrients separated into the geology 
clusters for all catchments and all samples collected between 2012–2014. The number of samples for each 
geology cluster is denoted in the count (n) column, these were different for nitrate nitrogen (NO3); where the 
count for cluster 1 was 250 and the count for cluster 2 was 50.  

  DIC‡  DOC‡     NO3
†  NH4

†  PO4
†  DSi‡  

Geology 
Cluster  n Mdn Yld Mdn Yld Mdn Yld Mdn Yld Mdn Yld Mdn Yld 

1 230 3.6 6.8 1.4 2.1 30.3 58.8 4.0 8.6 1.2 2.5 2.1 3.8 

2 40 3.0 8.8 2.6 8.6 39.3 163.6 3.8 14.6 1.0 0.6 1.2 4.1 

3 260 3.8 21.7 1.9 10.3 35.0 203.4 4.0 24.9 1.0 5.0 1.4 8.3 

4 110 4.8 9.1 2.1 4.9 15.0 43.5 5.0 8.4 0.8 1.1 1.1 2.4 

5 20 6.4 15.5 3.2 7.1 66.3 238.7 4.0 16.2 1.3 3.9 1.4 4.6 

6 50 4.2 23.8 1.6 7.5 26.5 124.6 3.5 33.9 2.0 9.1 0.6 3.5 
 

‡ Concentrations are reported in elemental units of mg L-1 and specific yields are reported in elemental units of t km-2 a-1 

† Concentrations are reported in elemental units of µg L-1 and specific yields are reported in elemental units of kg km-2 a-1 
 

 

Kruskal-Wallis multiple comparisons showed no significant difference, at the 95% confidence 

level, between the ammoniacal nitrogen concentrations across the geology clusters (Table 4.13). 

There was only one significant difference in the phosphate phosphorous concentrations (between 

cluster 4 and 6), a significant difference between the lowest (0.8 µg P L-1) and highest  

(2.0 µg P L-1) median phosphorus concentrations (Table 4.12). Similarly, there was a significant 

difference between the silicon concentrations in cluster 1 versus all other clusters and cluster 6 

versus all other clusters (Table 4.13). Cluster 1 had the highest median silicon value, 2.1 mg Si L-1, 

and cluster 6 has the lowest 0.6 mg Si L-1 (Table 4.12). Nitrate nitrogen also followed this trend 

with the lowest median concentration, 15 µg N L-1 in cluster 4, being significantly different from 

all other clusters and the highest median concentration, 66.3 µg N L-1 in cluster 5, being significant 

different from all other clusters. Dissolved organic carbon displayed variability, with many 

significant differences identified between the geology clusters, and dissolved inorganic carbon is 

almost significantly different between every cluster excluding cluster 5 and 4 and, clusters 5 and 6 

(Table 4.13).  By comparison, the specific yields showed less variability between clusters, in 

particular clusters 2 and 5 were not distinguished as being statistically different to most other 

cluster, and cluster 6 typically stood out as having significantly different yields. 
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Table 4.13: Matrix table indicating the nutrients that showed a statistically significant difference between 
geology clusters determined using Kruskal-Wallis Z-test with a Dunn’s pairwise test for significant 
difference at the 95% confidence interval.  

a) Concentration 

 Geology 1 2 3 4 5 

2 DSi, DOC, DIC         

3 DOC DOC, DIC       

4 
DSi, NO3, DOC, 

DIC 
NO3, DIC NO3, DIC     

5 
DSi, NO3, DOC, 

DIC 
NO3, DIC NO3, DIC NO3   

6 DSi, DIC 
DSi, DOC, 

DIC 
DSi, DIC 

DSi, P, NO3, 

DOC 
DSi, NO3, DOC 

 

b) Specific Yield 

 Geology 1 2 3 4 5 

2 DOC         

3 
DIC, DOC, 

NO3, NH4, DSi 
–       

4 – – 
DIC, DOC, 

NO3, NH4, DSi 
    

5 – – – –   

6 
DIC, DOC, 

NH4, PO4, 
PO4, DSi NH4, PO4,  – 

 

4.3.2 Vegetation 

Six vegetation clusters were identified using the dominant vegetation layer defined in the Landcare 

Research lcdb v.4.1 as a percentage cover of each catchment as input variables into cluster analysis 

(Fig. 4.9). The main characteristics of each vegetation cluster are defined in Table 4.14. For 

example, indigenous forest and alpine grass and herb fields dominated the vegetation type within 

cluster 1; and cluster 2 was catchments that have around 50% of the land area covered in tussock 

(Table 4.14). All of the catchments within clusters 1 and 2 are on the east of the main divide. 

Vegetation cluster 3 contains catchments covered by both indigenous forests (46%) and tall tussock 

grasslands (20%), cluster 4 were catchments with almost complete indigenous forest cover; 78%. 

Vegetation cluster 5 contained catchments with a low percentage of vegetation and dominated by 

permanent snow and ice (39%) with an additional 32% of the area being gravel and rock. Cluster 6 
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is similar to that of cluster 5 with 37% gravel and rock with an additional 27% of the area being 

covered by tall tussock grasslands.  

 

Figure 4.9: The 71 study catchments, grouped into six vegetation clusters, defined using cluster analysis 
from data extracted from the Land Cover Database v4.1 (Landcare Research Ltd. 2015) and created on 
ArcGIS (v.10.1), to identify catchments that are similar based upon the composition of present vegetation.  

The vegetation clusters with a high percentage of indigenous forest cover (e.g. clusters 1, 3 and 4), 

tend to dominate the West Coast catchments. Conversely, the clusters with a higher percentage of 

tussock, rock and gravel dominated the East Coast catchments. Cluster 5 grouped together the 

catchments with a low percentage of vegetation, 11% alpine grass fields and 8% tall tussock 

grasslands (Table 4.14). The five catchments within cluster 5 were the heavily glaciated sites, 

which also have the highest levels of elevation within the headwaters. Cluster 6, dominated by 

gravel, rock and tall tussock, was comprised of 13 catchments including the long braided rivers of 

the Canterbury plains (i.e. Rakaia) and rivers dominated by fluvial and glacial outwash (i.e. Bush 

and Macaulay). 

  



 84 

Table 4.14: A description of the six vegetation clusters used to group catchments based on dominant 
vegetation, defined using the Land Cover Database v4.1 (Landcare Research Ltd. 2015), with the number of 
catchments and sites within each cluster noted under count (n). 

Vegetation  Count Description 

Cluster 1 13 31% indigenous forest, 21% alpine grass herbfield and sub alpine shrubland 20% 
tall tussock grassland, 17% gravel or rock, 7% permanent snow and ice 

Cluster 2 10 50% tall tussock grassland, 14% grazed tussock, 9% gravel or rock, 9% 
indigenous forest, 5% pasture, 4% permanent snow and ice 

Cluster 3 17 46% indigenous forest, 20% tall tussock grassland, 12% sub alpine shrubland, 5% 
pasture 

Cluster 4 13 78% indigenous forest, 5% tall tussock grassland, 6% sub alpine shrubland 

Cluster 5  5 39% permanent snow and ice, 32% gravel or rock, 11% alpine grass herbfield and 
sub alpine shrubland, 8% tall tussock grassland 

Cluster 6 13 37% gravel or rock, 27% tall tussock grassland, 11% alpine grass herbfield and 
sub alpine shrubland, 10% grazed tussock, 7% indigenous forest  

 
 
Analysis of the nutrient concentrations and specific yields for each cluster showed considerable 

variation; typically vegetation clusters 2 (east coast grasslands) and 6 (Canterbury braided rivers) 

had low DIC specific yields (8.2 and 6.0 t C km-2 a-1) compared to the other catchments that were 

between 12.0 – 23.8 t C km-2 a-1. Similarly, clusters 2 and 6 had low DOC, NH4, NO3 and PO4 

specific yields relative to the other clusters. Cluster 5 (glaciated catchments) had the highest NH4 

and PO4 yields (33.9 and 9.1 kg km-2 a-1 respectively), whereas Cluster 3 (west coast forests and 

grasslands) had the highest NO3 and DSi yields relative to the other clusters (Table 4.15). By 

comparison, the differences in median concentrations between the different clusters were relatively 

small; Cluster 5 had the highest PO4 concentration (2.0 µg P L-1) and the lowest DSi concentration 

(0.6 mg Si L-1).  
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Table 4.15: The median concentrations (Mdn) and specific yield (Yld), in elemental units, for all nutrients 
separated into the vegetation clusters for all catchments and all samples collected between 2012–2014. The 
number of concentration samples for each vegetation cluster is denoted in the count (n) column. Note NO3 
and NH4 had different counts; for cluster 1 each had 140 samples, for NO3 cluster 4 a count of 170 and for 
NH4 cluster 4 a count of 120. 

  DIC‡ DOC‡ NH4
† NO3

† PO4
† DSi‡ 

Veg. 
Cluster n Mdn  Yld Mdn Yld Mdn Yld Mdn Yld Mdn Yld Mdn Yld 

1 130 3.7 21.5 1.7 9.3 35 16.3 3.7 199.3 1 5.5 1.4 6.3 
2 100 4.3 8.2 2.2 4.1 16.5 6.3 4.8 34.1 1 1 1.4 2.4 
3 170 3.9 20 1.9 9.1 44.7 13.6 4 216.9 1 6.9 1.5 8.2 
4 130 3.2 12 2.1 8.2 44.6 16.3 4.6 117.3 0 1.3 1.4 4.9 
5 50 4.2 23.8 1.6 7.5 26.5 33.9 3.5 124.6 2 9.1 0.6 3.5 
6 130 3.8 6 1.2 1.9 20.8 8.1 5.3 45.1 1.3 2.5 2.1 3.6 

 

‡ Concentrations are reported in elemental units of mg L-1 and specific yields are reported in elemental units of t km-2 a-1 

† Concentrations are reported in elemental units of µg L-1 and specific yields are reported in elemental units of kg km-2 a-1 
 

 

A Kruskal-Wallis multiple comparisons analysis showed no significant difference between the 

ammoniacal nitrogen (NH4) concentrations across the vegetation clusters. Phosphate phosphorous 

(PO4) concentrations were significantly different between vegetation cluster 4 and 3, vegetation 

cluster 4 and 5 and vegetation cluster 4 and 6 (Table 4.16). Dissolved inorganic carbon (DIC) 

concentration followed a similar trend to that of phosphate phosphorous (PO4), with all significant 

differences being associated with vegetation cluster 4. Vegetation cluster 4 had the lowest median 

concentration for both PO4 and DIC (Table 4.16). Silicon was significantly different between all 

clusters versus cluster 5 and all clusters versus cluster 6. The median concentration for silicon in 

cluster 5 was the lowest, 0.6 mg Si L-1, whereas cluster 6 had the highest median concentration, 2.1 

mg Si L-1 (Table 4.16). Nitrate nitrogen (NO3) and dissolved organic carbon (DOC) were 

significantly different between multiple clusters (Table 4.16). By comparison, there were 

considerably less differences in the nutrient specific yields between the clusters, with several 

combinations showing no statistically significant difference. Cluster 6 (Canterbury braided rivers) 

appeared to be the most different from the other clusters for most variables, whereas cluster 1 was 

the least different.  
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Table 4.16: Matrix table indicating the nutrients that showed a statistically significant difference between 
vegetation clusters determined using Kruskal-Wallis Z-test with a Dunn’s pairwise test for significant 
difference at the 95% confidence interval.  

a) Concentration 

Vegetation 1 2 3 4 5 

2 NO3     

3 NO3 NO3    

4 NO3, DOC NO3, DIC PO4, DIC   

5 DSi DSi, DOC DSi, NO3 
DSi, PO4, 
NO3, DOC, 
DIC  

6 DSi, NO3, DOC DSi, DOC DSi, NO3, DOC DSi, PO4, 
NO3, DOC DSi, DOC 

      
b) Specific Yield 

Vegetation 1 2 3 4 5 

2 DIC, DOC, 
NO3, DSi     

3 – DIC, DOC, 
NO3, PO4, DSi    

4 – DOC, DSi PO4   

5 – DIC, NH4, PO4 DSi PO4  

6 DIC, DOC, 
NO3, DSi – DIC, DOC, DSi 

NO3 
DOC DIC, DOC, 

NH4, PO4 

      

4.3.3 Soil Type 

Soils were categorised using the dominant soil type from the fundamental soil layer, and classed 

into six groups using cluster analysis (Fig. 4.10). Cluster 1 was defined by the percentage of acidic 

and typic allophanic brown soils (36%). Cluster 2 had greater mixing of soil types occurring; 19% 

humose orthic podzols, 18% acidic-pedal allophanic brown soils and, 12% typic orthic podzols as 

the dominant soil types present. Cluster 3, with the highest count of 32, was typically catchments 

dominated by typic orthic podzols and typic perch-gley podzols. Cluster 4 was defined as 

catchments with a higher amount of acidic orthic brown soils (45%). Cluster 5 was similar to that 
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of cluster 4 but with 40% typic orthic podzols and cluster 6 was catchments dominated by rocky 

raw environments and a high percentage of permanent snow and ice, limiting the ability of soil to 

build up (Table 4.17). The west coast catchments appear to dominantly fall into clusters 2 and 3 

(Fig. 4.10). A mixture of typic orthic podzols, typic perch-gley podzols and rocky raw soil, defines 

cluster 3 that dominate the west coast, whereas cluster 2 is typic orthic podzols but also humose 

orthic podzols and acidic-pedal allophanic brown soils of Westland (Table 4.17). Clusters 5 and 6 

stretched across both west and east coast catchments, with cluster 6 dominated by rocky raw soil 

and permanent ice. Cluster 1 and 4 categorise the remaining east coast catchments. Cluster 4 only 

characterises 3 Otago catchments, and both cluster 1 and 4 are comprised of brown soils with the 

presence of rocky raw material (Table 4.17).  

 

Figure 4.10: The 71 study catchments grouped into six soil clusters, defined using cluster analysis using data 
extracted from the New Zealand Soil Classification (2000) database and created on ArcGIS (v. 10.1), to 
identify catchments that are similar based upon the soil type present.  

 

The concentration data for the different clusters shows that cluster 2 (orthic podzols, north west 

coast) tends to have higher DOC and NO3, whereas soil cluster 4 (Otago acidic brown soils) had 

extremely low NO3, but this may be a consequence of its very low sample population. Similarly, 

cluster 6 (raw glaciated soils) had extremely low DSi, but otherwise all other concentrations appear 

to be of a similar range (Table 4.18). By comparison, the specific yield data suggests that soil 

cluster 4 (Otago acidic brown soils) had the lowest export of all of the nutrients compared to all 
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other clusters.  Similarly, soil cluster 1 (east coast allophanic brown soils) had the second lowest 

yields for DOC (1.9 t C km-2 a-1) and ammoniacal nitrogen (4.9 kg N km-2 a-1). At the other 

extreme, soil cluster 3 (west coast humic orthic podzols) has the highest yields for all nutrients 

apart from phosphate phosphorus and nitrate nitrogen, the latter of which, is still very high, with a 

specific yield of 184 kg N km-2 a-1 (Table 4.18). Soil cluster 2 (west coast humic orthic podzols) 

showed a very high nitrate nitrogen yield (194 kg N km-2 a-1), whereas cluster 6 (raw glaciated 

soils) was notable for high DIC, PO4 and DSi (17.0 t C km-2 a-1, 20.4 kg P km-2 a-1 and 

8.3 t Si km-2 a-1, respectively). 

 

 

Table 4.17: A description of the six soil clusters used to group catchments based on dominant soil, defined 
using the Fundamental Soil Layer (New Zealand Soil Classification, 2000), with the number of catchments 
and sites within each cluster noted under count (n). 

Soil Cluster Count Description 

Cluster 1 13 36% Acidic and typic allophanic brown soils, 12% Rocky raw soils, 10% Acidic 
allophanic brown soils, 6% Orthic raw soil 

Cluster 2 7 19% Humose orthic podzols, 18% Acidic-pedal allophanic brown soils, 12% 
Typic orthic podzols, 9% Placic acid brown soils 

Cluster 3 32 26% Typic orthic podzols, 26% Typic perch-gley podzols, 13% Rocky raw soil, 
6% Ice  

Cluster 4 3 45% Acidic orthic brown soils, 14% Mottled acid brown soils, 12% Pedal 
immature pallic soils 

Cluster 5 8 40% Typic orthic podzols, 16% Mottled acid brown soils, 10% Rocky raw soils 

Cluster 6 8 32% Rocky raw soils, 32% Ice, 12% Typic orthic podzols 

 

 

Table 4.18: The median (Mdn) concentrations and specific yield (Yld), in elemental units, for all nutrients 
separated into the soil type clusters for all catchments (71) and all samples collected between 2012–2014. 
The number of samples used for concentration medians for each soil cluster is denoted in the count (n) 
column. Note NO3 and NH4 had different counts; for cluster 5 each had 90 samples and NH4 had 60 samples 
in cluster 2. 

  DIC‡ DOC‡   NO3
† NH4

† PO4
† DSi‡ 

Soil 
Cluster  n Mdn Yld Mdn Yld Mdn Yld Mdn Yld Mdn Yld Mdn Yld 

1 130 3.7 5.7 1.5 1.9 21.5 37.2 5.0 4.9 1.2 1.9 2.2 3.5 

2 70 3.5 10.5 2.6 8.4 53.0 193.5 4.0 15.5 1.0 3.6 1.4 4.9 

3 320 4.0 20.4 1.9 9.2 33.8 183.7 4.8 22.0 1.0 4.3 1.3 7.2 

4 30 7.1 3.6 2.4 1.1 5.1 0.6 7.0 3.4 1.7 0.7 1.2 0.9 

5 80 3.5 9.9 1.3 4.0 37.1 86.3 3.0 11.7 1.0 5.3 2.0 5.2 

6 80 3.8 17.0 1.5 6.5 22.0 100.7 3.0 20.4 2.0 8.3 0.8 3.5 
‡ Concentrations are reported in elemental units of mg L-1 and specific yields are reported in elemental units of t km-2 a-1 

† Concentrations are reported in elemental units of µg L-1 and specific yields are reported in elemental units of kg km-2 a-1 
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Kruskal-Wallis testing indicated that phosphate phosphorous (PO4) and ammoniacal nitrogen 

(NH4) concentrations were not significantly different across the soil clusters. Whereas silicon 

(DSi), nitrate nitrogen (NO3), dissolved organic carbon (DOC) and dissolved inorganic carbon 

(DIC) all show significant differences across various soil clusters (Table 4.19) There does not 

appear to be any form of sequence or relationship in the concentration data between the 

significantly different clusters for each of the mentioned elements.  

 

 

Table 4.19: Matrix table indicating the nutrients that showed a statistically significant difference between 
soil type clusters determined using Kruskal-Wallis Z-test with a Dunn’s pairwise test for significant 
difference at the 95% confidence interval for a) concentration of nutrients, and b) specific yield. 

a) Concentration 

Soil Type 1 2 3 4 5 

1 
     

2 DSi, NO3, DOC     

3 DSi, DOC DOC    

4 DSi, NO3, DOC, 
DIC 

NO3, DIC NO3, DIC   

5 NO3 DSi, DOC DSi, DOC, 
DIC 

NO3, DOC, DIC  

6 DSi DSi, NO3, 
DOC 

DSi, DOC DSi, NO3, DOC, 
DIC 

DSi, NO3 

 

b) Specific Yield 

Soil Type 1 2 3 4 5 

1 
     

2 DOC, NO3,     

3 DIC, DOC, 
NO3, NH4, DSi 

–    

4 – DOC, NO3 DIC, DOC, 
NO3, NH4, DSi 

  

5 – – DIC, DOC –  

6 DIC, DOC, 
NH4 

– DSi DIC, NH4, DSi – 

 

By using cluster analysis it was possible to infer that there is a significant difference in the 

concentration of some of the selected elements in relation to the present geology, vegetation and 

soil types. However, how much influence these three geophysical factors in combination with each 

other or other physiographic features of the landscape also need to be considered.  The following 
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section uses multiple regression analysis to assess whether any particular catchment can be used as 

predictors of nutrient concentration in the Southern Alps.   

 

4.4 Multiple Regression  
To assess the potential influence of other factors on the concentrations of nutrients in the selected 

study catchments, multivariate analysis was used. For each nutrient investigated, best subsets 

regression was run to identify the possible controlling variables from a potential pool of over 60 

catchment characteristics down to a maximum of eight most influential controls. Some of the 

variables incorporated included climate variables (e.g. mean annual temperature and mean annual 

rainfall), catchment characteristics, geology, physico-chemical soil properties, vegetation 

composition and density, ice cover, erosion severity etc. (see: Tables 3.5, 3.6 and 3.7 in Methods 

for a detailed outline of variables).  

 

The regression best subset analysis was limited to eight variables for each element, all of which 

were significant controlling variables at the 95% confidence level. Land cover had a strong 

influence on the concentration of each nutrient (Table 4.20). For example, dissolved inorganic 

carbon, ammoniacal nitrogen and silicon were all controlled by both one geology variable, two or 

three vegetation variables and two soil variables (Table 4.20). Surprisingly no soil variable had a 

significant influence on the concentration of either nitrate nitrogen or phosphate phosphorous, but 

these were both influenced by vegetation and geology variables (Table 4.20). For dissolved organic 

carbon, geology and soil variables were important controls on the concentration, but not vegetation 

variables. Followed by land cover variables, the topography of each catchment was also 

highlighted as having a significant influence on the concentration of each nutrient. Gradient, mean 

or maximum, was identified as a controlling variable for every nutrient except for silicon (Table 

4.20). Other variables that had a controlling influence were often nutrient specific, for example, 

ammoniacal nitrogen basin length was a controlling factor, Melton’s ruggedness had a significant 

influence on nitrate nitrogen and the catchment centroid distance from the nearest coastline 

influenced the silicon concentration (Table 4.20). 
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Table 4.20: The top predictors for each nutrient, as determined using Best Subsets regression analysis in 
Minitab (v.16), the corresponding regression equation, adjusted R-Squared value (%) and Durbin Watson 
(D-W) statistic to indicate the presence of autocorrelation. All regressions are significant at the 95% 
confidence level.  

 

 Top Predictors Regression Equation r2 (%) D-W 
     
DIC Relief (Re) 

Precipitation (PPT) 
Gravel and Till % (GT) 
Maximum Gradient (MG) 
Snow and Ice % (Sw) 
Soil pH (pH) 
Soil Phosphate phosphorous Retention 
(PRA) 
Exotic Scrub % (ES) 

Median DIC = 14.2 + 0.00154 Re – 
0.000205 PPT + 0.00884 Sw – 
0.0199 GT – 0.787 MG – 2.23 pH + 
0.0408 PRA + 0.337 ES 

46.6 1.5 

DOC Mean Elevation (El) 
Relief (Re) 
Runoff (R) 
Gravel and Till % (GT) 
Soil Type Loamy/peat litter (Li) 
Mean Gradient** 
Soil Type Sandy (S) 
Soil pH (pH) 

Median DOC = 5.67 - 0.00139 El + 
0.000518 Re - 0.000122 R - 0.0166 
GT + 0.0647 Li + 0.0241 S - 0.564 
pH 
 

50.9 1.3 

NO3 Relief (Re) 
Discharge (Q) 
Snow and Ice % (Sw) 
Max Gradient (MG) 
Gravel and Rock % (GR) 
Bush % (B) 
Pasture % (P) 
Sub Alpine Herbfield % (H) 

Median NO3 = -16.7 + 0.0306 Re + 
0.133 Q – 0.131 Sw – 21.2 MG + 
0.398 GR + 0.425 B + 3.27 P + 
0.626 H 
 

63.2 1.5 

NH4 Basin Length (BL) 
Mean Gradient (G) 
Erosion Severity (Er) 
Soil Carbon % (CA) 
Soil pH (pH) 
Bush % (B) 
Pasture % (P) 
Tussock % (T) 

Median NH4 = 25.2 + 0.0385 BL – 
9.23 G – 0.928 Er – 0.0842 CA – 
2.23 pH – 0.0561 B – 0.283 P – 
0.0231 T 
 

19.7 2.1 

PO4 Melton’s Ruggedness (M) 
Discharge (m3 s-1) (Q) 
Maximum Gradient (MG) 
Gravel and Till % (GT) 
Headwater Distance to Coast (HwCD) 
Bush % (B) 
Forestry % (F) 
Pasture % (P) 

Median PO4 = 5.60 – 0.0864 M + 
0.0193 Q – 0.956 MG – 0.0119 GT 
– 0.0243 HwCD – 0.0278 B + 0.267 
F + 0.0702 P 
 

42.8 1.6 

DSi Stream Length (Len) 
Centroid Distance from Coast (C) 
Soil Type Silt over Skeletal (SS) 
Soil CEC (CEC) 
Soil Phosphate phosphorous Retention 
(PRA) 
Snow and Ice % (Sw) 
Forestry % (F) 
Wetlands % (W) 

Median DSi = 0.679 - 0.000123 Len 
+ 0.0173 C 
+ 0.0245 SS - 0.0963 CEC 
+ 0.0520 PRA - 0.0197 Sw + 
0.136 F + 0.0896 W 
 

75.0 2.11 
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Using the best subset variables, a multivariate linear regression analysis was run for each nutrient. 

All of the multiple regressions were significant at a 95% confidence level, and residuals assessed 

for the suitability of linear regression. The r-squared values (r2) indicated how good the controlling 

variables identified in the best subset were at explaining the variable concentration, i.e. the r2 value 

of 75% indicated the best subsets identified as controlling influences for silicon explained 75% of 

the concentration variations between the observed silicon concentrations and predicted values using 

the best subset input variables (Table 4.20). Similarly, the top 8 controlling variables identified for 

nitrate nitrogen and dissolved organic carbon had strong r2 values (63.2% and 50.9% respectively) 

(Table 4.20). Ammoniacal nitrogen had the weakest relationship with the identified influential 

variables with an r2 of only 19.7% (Table 4.20). However, this relationship was still significant at 

the 95% confidence level and had a Durbin Watson value of 2.1, indicating that there was no 

autocorrelation between the controlling factors (Table 4.20). 

 

Using the produced regression equations from the multivariate analysis, predicted values of each 

nutrient were calculated for each catchment and tested using a regression fitted line plot. All of the 

relationships between the observed and predicted values were significant, but like that of the 

multivariate analysis some of the relationships were weak. For example, the regression relationship 

between the silicon observed and predicted values was the strongest with an r2 of 77.5% (Fig. 

4.11). With an r2 of 67.8%, the relationship between the nitrate nitrogen observed and predicted 

values was also considered a good relationship. Conversely, the ammoniacal nitrogen had the 

weakest relationship with an r2 of 27.8% (Fig. 4.11). 

 
Each of the modelled regression plots, between observed and the calculated predicted values, were 

also evaluated using the percentage bias (PBias), the standardised root mean squared error (RSR) 

and the Nash-Sutcliffe Estimator (NSE) values to assess the fit of each model. The PBias is a 

measure of per cent bias within the model, therefore the lower the PBias values the better the 

model fit. The optimal value for PBias is zero. Similarly, the optimal value for the RSR is zero. 

The NSE is a measure of the model efficiency, and is used to assess the predictive strength of the 

model. Therefore, the higher the NSE the better, the optimal NSE value for a model is 1.0. When 

examining the regression model for the predicted silicon values it can be concluded that the model 

is ‘very good’ because the NSE is > than 0.75 and the RSR <0.5 (Table 4.21). Nitrate nitrogen is 

ranked the second best model, however, it is not as good of a model because the RSE is just over 

0.5 (0.57) and the NSE is less than 0.75 (0.67). Ammoniacal nitrogen, although significant, has an 

‘unsatisfactory fit’ because of the low NSE, 0.29 and the high RSR of 0.84. The remainder of the 

models are satisfactory fits. Therefore, the multivariate regression is interpreted as being able to 

provide a good explanatory model for all variables, with the exception of ammoniacal nitrate. 
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Figure 4.11: Comparison of the fit of the multivariate regression model to generate predicted nutrient 
concentrations from catchment characteristics compared to the observed values. The regression fitted line 
plots of each nutrient illustrate the variance between the observed and predicted values, with the r2 value 
reported and 95% prediction intervals outlined.  
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Table 4.21: A summary of the predicted versus observed nutrient concentrations model goodness of fit 
statistics for the fitted line regression between the observed and generated predicted values for each element. 
Where r2 is the Pearson’s coefficient of goodness of fit, PBias is the per cent bias, RSR is the standardised 
root mean squared error and NSE is the Nash- Sutcliffe estimator.  

 
 Regression Equation r2 (%) PBias (%) RSR NSE 

DIC Predicted DIC = 1.989 + 0.5273 Median DIC 52.0 -1.19 0.68 0.53 

DOC Predicted DOC = 0.7826 + 0.5576 Median DOC 55.2 -0.10 0.66 0.56 

NO3 Predicted NO3 = 11.52 + 0.6743 Median NO3 67.0 -0.40 0.57 0.67 

NH4 Predicted NH4 = 3.137 + 0.2886 Median NH4 27.8 1.15 0.84 0.29 

PO4 Predicted PO4 = 0.6571 + 0.4732 Median PO4  46.5 0.33 0.64 0.58 

DSi Predicted DSi = 0.3508 + 0.7778 Median DSi 77.5 0.05 0.47 0.79 
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Chapter Five 

5 Discussion  

The data collected from the rivers draining the Southern Alps provides a wealth of information in 

the nutrient status of the waterways. Each nutrient showed variations in concentration and specific 

yields across the two-year sampling period. Temporal and seasonal signals were identified; 

emphasising the response of nutrients to changes in catchment morphology and climate regimes. 

Differences in the concentration of the nutrients where assessed against particular catchment 

characteristics; i.e., dominant catchment geology, vegetation and soil type to interrogate the 

sources of each nutrient. The results of this study are reflective of the sensitive nature of nutrients 

to the local catchment conditions and climate regimes in undisturbed catchment; that is, the natural 

changes that occur in water quality in low disturbance environments, like the Southern Alps. 

Understanding what drives nutrient concentration in a river is a key aspect of monitoring water 

quality, especially when setting guidelines for monitoring purposes. To comprehend the water 

quality characteristics of a natural environment the key drivers need to be identified, and how much 

that driver will influence the observed concentrations. This chapter will discuss the observed trends 

in the water quality of the Southern Alps, describing the seasonal and temporal trends and what 

particular aspect within the changes in climate and morphology are influencing each nutrient 

(Section 5.1). The nutrient concentrations of the Southern Alps will be discussed in regards to the 

stoichiometric relationships and how the stoichiometry of low disturbance New Zealand compares 

to the global averages (Section 5.2). Nutrient concentrations and their response to the local 

environment multiple regression analysis is discussed (Section 5.3) emphasising the most 

influential controls for each nutrient. Section 5.4 highlights the importance of obtaining ‘baseline’ 

information for reference catchments, as well as identifying the limitations of this study. The 

chapter concludes by providing directions for future research to improve the understanding of the 

nutrient concentrations from low disturbance environments and what controls the natural flux of 

nutrients through the aquatic ecosystems of New Zealand (Section 5.5). 

  

Discussion 
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5.1 Trends in the Water Quality of the Southern Alps  
The aim of this investigation was orientated around quantifying the water quality of alpine 

reference catchments. Consideration was taken with the design to allow for potential trends across  

temporal and spatial scales to be investigated. The approach of this study was to incorporate as 

many controlling variables on nutrient concentration as feasible, to infer potential trends across the 

Southern Alps region. The concentration data for each nutrient has been analysed and statistically 

tested to attempt to conclude if there are temporal and seasonal variations within the water quality 

of the Southern Alps region. 

 

5.1.1 Phosphorous  

The phosphate phosphorous (PO4) concentrations obtained from this investigation were extremely 

low. The median concentration of PO4 ranged from 0.0 – 2.3 µg P L-1, with an overall median 

concentration of 1.0 µg P L-1 across all 71 sample sites  (Table 4.1). The data set was also highly 

censored, that is, 39% of all samples were below instrumental detection limit after blank correction, 

and this is suggestive of uncertainty about the precision of the data. Sample handling and storage 

followed standard methods following the recommended guidelines of the USGS (2006) and Aydin 

(2011). All samples were analysed on the same analytical machine and no particular sampling 

round displayed unusual results in comparison to another. To minimise the effect that censored data 

may have on statistical analysis, the phosphorus data was bootstrapped, using the Kaplan-Meier 

method, as outlined in Helsel (2012).  Bootstrapping data has the advantage of eliminating all 

assumptions made about the shape and distribution of censored dataset, strengthening the reliability 

(Liddle et al. 2015). Nevertheless, bootstrapping had no influence on the outcome of the statistical 

analysis of the phosphorus data and analysis generated the same statistics regardless of if the data 

was bootstrapped or not, therefore, the original data set was used. To contextualise the phosphorus 

data further, the dataset was compared to previous studies. 

 

The extremely low concentrations of phosphorus reported in this study are not unusual. The range 

of phosphorous concentrations from New Zealand rivers ranges considerably across differing land 

uses. For example, high values are typical in disturbed catchments, like that of runoff from a dairy 

farm catchment, and are equivalent to 66 µg P L-1 to 97.4 µg P L-1 (Wilcock et al., 1999; Duggan et 

al., 2002). From the few studies that report low impact, ‘reference’ catchments the observed 

phosphate phosphorous concentrations are similar to those reported in this study (see: Table 2.3). 

For instance, Duggan et al. (2002) reported phosphorous levels from a native forested catchment in 

Westland with a median concentration of 1.4 µg P L-1 (Table 2.3). The National River Water 
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Quality Network (NRWQN) also assesses multiple reference catchments, four of which are also 

used within this study: the Waimakariri, Shotover, Haast and Grey rivers. The Waimakariri, 

Shotover and Haast are all considered reference sites in the NRWQN, and have respective median 

phosphate phosphorous levels of 2.0, 1.0 and 1.1. µg L-1 (Table 5.1). The median concentrations 

obtained from this study for these catchments are 2.0, below the detection limit and 1.0 µg L-1. 

Therefore, on the basis of comparison to other studies in New Zealand it can be concluded that the 

observed low values of phosphate phosphorous obtained in this study are consistent with previous 

values for baseline or reference catchments in New Zealand. It should be noted, however, that in 

areas where there is substantial volcanic or geothermal activity the baseline levels of phosphorus 

might be higher from the release of mineral-sources of phosphorus (e.g. Stevenson et al., 2010; 

Timperley, 1983).  

 

Table 5.1: Summary table comparing the median concentrations of nitrate nitrogen (NO3), ammoniacal 
nitrogen (NH4) and phosphate phosphorous (PO4) from the National River Water Quality Network (MfE, 
2015b) and this study. The NRWQN data has been classified from 1989 – 2013 and 2012 – 2013 to reflect a 
similar temporal sampling regime as this study. Numbers in brackets are the 95% confidence interval for the 
median.  

 NO3 µg N L-1 NH4 µg N L-1 PO4 µg P L-1 
Waimakariri    
1989-2013 64 (60 – 66) 2.0 (2.0 – 3.0) 2.0 (2.0 – 2.2) 
2012-2013 100 (86 – 114) 2.0 (1.0 – 3.0) 2.5 (1.8 – 3.2) 
Current study  37 (31 – 41) 5.2 (0.0 – 9.0) 2.0 (0.0 – 2.9) 
    
Shotover    
1989-2013 16 (15 – 17) 3.0 (3.0 – 3.0) 1.0 (0.8 – 1.0) 
2012-2013 16 (9 – 23) 2.0 (2.0 – 3.0) 0.9 (0.6 – 1.3) 
Current study 10 (3 – 15) 5.9 (0.0 – 9.3) 0.5 (0.0 – 1.9) 
    
Haast    
1989-2013 32 (31 – 34) 2.0 (2.0 – 3.0) 1.1 (0.9 – 1.1) 
2012-2013 39 (29 – 44) 1.5 (1.0 – 3.0) 1.3 (0.8 – 1.5) 
Current study 30 (25 – 37) 7.5 (0.9 – 13.0) 1.0 (0.0 – 2.6) 
    
Grey    
1989-2013 88 (59 – 70) 6.0 (5.0 – 6.0) 2.3 (1.7 – 2.1) 
2012-2013 139 (113 – 198) 2.8 (1.4 – 3.1) 5.5 (4.0 – 8.2) 
Current study 127 (80 – 195) 6.0 (1.1 – 7.8) 0.0 (0.0 – 2.5) 
    
 

On the basis that the phosphorus concentrations reported in this study are likely to reflect reference 

conditions, estimates of the ‘natural’ rate of phosphorus export were calculated as a specific yield. 

Some catchments had an overall phosphate phosphorous specific yield of 0.2 kg km-2 a-1 and ranged 

up to 17.6 kg km-2 a-1 (Tables 4.5 and 4.6). In this instance, the calculated yield values are low in 

relation to other studies. Quinn and Stroud (2002) calculated a flux of 27 kg km-2 a-1 of phosphate 

phosphorous from a low disturbance catchment in the North Island. Similarly, Hartman and others 

(2014) reported a predicted annual phosphorous release in New Zealand of 27.9 kg km-2 a-1, 
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although it is unclear what the source data for this estimate is, and whether it uses the data of Quinn 

and Stroud (2002) or is based on generalised assumptions of mineral phosphorus content in 

regional geology. The observed difference in the specific yield calculations between Quinn and 

Stroud (2000) and this study could be a result of possible sources of error in the specific yield 

calculations either; error in the mean annual simulated discharge values, or the phosphorus 

concentrations are subject to flushing and dilution associated with hydrographic response and need 

to be discharge weighted (Turner et al., 2010). Of the 71 sites investigated in this study only 15 are 

monitored and gauged by either regional authorities or research institutes, such as NIWA, and an 

additional 7 were gauged throughout this investigation. Consequently, the discharge value for each 

catchment used to calculate the specific yields is a simulated value (in m3s-1) from the NIWA Flow 

GIS layer (Booker and Woods, 2014). 

 

To assess the potential sources of error and the potential impact this would have on specific yield 

estimates of phosphorus, the export of nutrients at known discharge of the 22 gauged sites, was 

plotted on a regression fitted line plot with the corresponding simulated discharge for each of the 

catchments (Fig. 5.1).  The regression is significant at the 95% confidence level and has a high r2 

value of 98.5%. Therefore, the simulated data appears to be an appropriate estimate for use in 

specific yield calculations at the annual scale. To further assess the accuracy of the calculated 

specific yields, discharged-weighted concentrations were computed for the catchments with multi-

year flow records (Appendix 3). The difference between the specific yield calculations using the 

discharge-weighted concentrations and non-weighted median concentrations was large for 

phosphate phosphorous (Appendix 3). There was on average a 76% difference between the two 

calculated specific yields. Further analysis was undertaken using the NRWQN data, and specific 

yields were calculated from three rivers with 25-year long phosphorus and discharge records using 

standard and discharge-weighted concentrations (Appendix 5). Again, a difference between the two 

calculation methods was noted, with a 12 – 46% variation.  
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Figure 5.1: The regression fitted line plot of the measured and modelled discharge values across 22 of the 71 
sampling sites. The relationship is significant at the 95% confidence interval, with the 95% prediction 
interval and the r-squared value noted.  

The dramatic difference between the phosphate phosphorous specific yield calculations using 

weighted and non-weighted concentrations, especially for the data directly associated with this 

study (76%), gives rise to concerns about the validity of the calculated specific yields. The 

censored nature of the data allows for a large shift in the concentration when it is discharge 

weighed. For example, the phosphate phosphorous concentration of the Hokitika catchment 

changes from 3.0 to 0.1 µg P L-1, when it is discharge weighted. That is a 97% decrease in the 

concentration (Appendix 3), which is a consequence of factoral weighting of censored (e.g. 0) 

values and suggests in the case of phosphorus the discharge-weighted specific yield calculation is 

overly sensitive to censored values and may not be a valid approach.  From the analysis in this 

study, it can only be concluded that the reference concentrations for phosphorus are naturally very 

low, and are at, or below, the method detection limit. So that the presence of any phosphorus in 

waterways is likely a reflection of anthropogenic sources, and further work is required to establish 

accurate phosphate specific yields from reference sites, and would benefit from employing 

analytical methods that are sensitive at the ng P L-1 detection limit. Overall, it would be erroneous 

to draw any conclusions about the trends or potential variations observed in the phosphate 

phosphorous data (concentrations or yields), because of the sensitive nature of the values obtained 

from 71 sampling sites. Henceforth no further discussion will me made in regards to the 

concentrations of phosphorous obtained in this investigation, to avoid inferring incorrect seasonal, 

spatial or trends of phosphate phosphorous across the Southern Alps of New Zealand.   
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5.1.2 Nitrogen  

The ammoniacal nitrogen data was also heavily censored, with 28% of all data points being below 

the instrumental detection limit once adjusted for blanks. The observed concentrations span from 

0.5 to 9.6 µg N L-1 with an overall median of 4.0 µg N L-1. The data spread in observed 

concentrations was not unexpected due to the volatile nature of the nutrient and it being readily 

converted into nitrate nitrogen (see: Section 2.2). The dataset was handled the same as the 

phosphate phosphorous (described above) and bootstrapped, but this made no difference to the 

outcome of the statistical analysis, so the original data set was kept. 

 

When compared to previous investigations the median concentration of ammoniacal nitrogen 

reported in this study is consistent with values in other base line streams. For example, in a native 

forest catchment under base flow conditions, ammoniacal nitrogen of 10.0 µg N L-1, with a range 

of 3.0 – 77.0 µg L-1 was reported by Cooper and Thomsen (1988). Smaller ranges in ammoniacal 

nitrogen were reported in other baseline studies, including an investigation of first order 

catchments with forest growth of 2.5 (1.6 – 3.5) µg N L-1 and 3.1 – 4.7 µg L-1 in a low disturbance, 

native forest catchment (McGroddy et al., 2008; Quinn and Stroud, 2002). Conversely, when the 

data from this study was compared to the NRWQN data, the median ammoniacal nitrogen 

concentrations are higher, and exhibit a greater range of values (Table 5.1). For instance, the Haast 

catchment median ammoniacal nitrogen in the NRWQN dataset ranged from 2.0 – 3.0 µg N L-1 

compared to 0.9 – 13.0 µg L-1 observed in this current study. These samples are from the same 

location in the catchment, so are directly comparable, and differences likely reflect the high 

volatility of ammoniacal nitrogen within the environment. The observed values of ammoniacal 

nitrogen could also be variable due to the short temporal scale this study encompassed, but when 

compared to a two-year sampling period (2012–2013 inclusive) from the NRWQN, the observed 

median values are still higher, a trend that was also observed in the Shotover and Grey catchments 

(Table 5.1). 

 

There is also considerable uncertainty in the specific yield estimates for ammoniacal nitrogen using 

the median concentrations when compared to the specific yields calculated with discharge-

weighted concentrations. Overall, there was a mean error of 51% between the two estimates of 

specific yield concentrations (Appendix 3 and 5), suggesting the data is too censored to make 

accurate predictions in specific yield or undertake any further statistical analysis. Preliminary 

analysis showed no significant difference in the concentration of ammoniacal nitrogen across the 

Southern Alps, or with differing catchment characteristics (e.g. geology, vegetation cover and soil 

type). The only significant difference in the ammoniacal nitrogen concentrations was observed 

across the seasons, which, if real, could reflect variations in nitrogen cycling across the year.  



 101 

Nitrate Nitrogen  
The nitrate nitrogen data had a median concentration range of 22.5 – 42.0 µg N L-1, with the 

highest recorded values in the Waita (117.0 µg N L-1), Poerua (114.0 µg N L-1) and Grey 

Catchments (107.5 µg N L-1) (Fig. 4.2). The higher concentrations in these catchments are 

indicative of encroaching anthropogenic activity within the Grey and Poerua catchments. The Grey 

catchment has 12% of the total catchment area in high intensity pasture, and 11% pasture in the 

Poerua catchment.  These notably high values of nitrate nitrogen in these catchments is indicative 

of the effect of intensive farming and the effect this has on increasing nitrate in waterways in New 

Zealand (PCE, 2012), and serve as calibration points to the effect of land use on nitrate 

concentrations. What is of interest is the highest concentration of nitrate nitrogen coming from the 

Waita catchment. The Waita River (Fig. 5.2) is a typical brownwater river in South Westland, 

where stream water is discoloured from the presence of tannic acids and forest detritus (Collier, 

1988). The presence of organic acids, like tannic, humic and fulvic, originate from strong coupling 

between the stream network and the biosphere and are a common feature of forest streams in 

Westland. The soil-derived humic and fulvic acids also contain small amounts of nitrogen, 

approximating 1% nitrogen in fulvic acids and 2% nitrogen in the humic acids (Thurman, 1985).  

Thus, the presence of these acids in rivers may provide a potential natural source of nitrate in West 

Coast Rivers. The high nitrate in the Waita is likely a function of the high portion of peat soils and 

wetlands that are present in this catchment. Over 11% of the catchment land area is dominated 

lowland wetland, and in this case study of 71 rivers, the Waita is the only site to have over 5% of 

the area dominated by wetlands. These wetlands, along with the peat-rich soils, are potential 

sources of organic acids to the river. Since the wetland areas are present in the lowland portion of 

the catchment, there is little attenuation, denitrification or uptake of nitrate from the waterway, 

which would be a typical function of a wetland system (Kovacic et al. 2000).  

 

 
Figure 5.2: The Waita River in South Westland is an example of an organic-rich brownwater stream. Photo 
taken downstream of SH8 bridge. 
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When compared to other baseline studies in New Zealand the observed values reported in this 

study are much lower. For example, the NRWQN data from the Waimakariri site has an average of 

64 µg N L-1 (1989–2013). If the data is averaged for just 2012-2013, this value jumps to  

100 µg L-1. By comparison, the median observed value in this study for the Waimakariri was 37.0 

µg N L-1. These differences are a result of the sampling location within the Waimakariri catchment, 

that is, there is a significant downstream increase in nitrate nitrogen in the Waimakariri due to 

pastoral agriculture in the lowlands. Even the location of NRWQN station at the Waimakariri 

Gorge, which is considered a ‘baseline’ site, is considerably downstream of the location at White 

Hill where samples were obtained for this study. This sampling location was selected as a more 

accurate representation of the alpine flux of nitrate nitrogen, and presently above the impact of 

encroaching pastoralisation. Where the sampling location is the same between both studies, i.e. the 

Haast River at Roaring Billy, there is a reduction in the variation observed between the two median 

concentrations, 32 µg N L-1 for the NRWQN and 30 µg N L-1 for the current study (Table 5.1). The 

similarity between the nitrate nitrogen concentrations between the NRWQN and this study at the 

Haast and Shotover sites validates the nitrate nitrogen concentrations reported in this study. 

 

The nitrate nitrogen concentrations were statistically analysed for seasonal trends, because nitrogen 

cycling is affected by biological uptake and runoff characteristics. Statistical analysis confirmed 

that there was a significant difference between the median concentrations of nitrate nitrogen in 

summer compared to all other seasons. The concentration was significantly lower in the summer, 

24.5 µg N L-1 (Table 4.9) supporting the observation that nitrate nitrogen is higher in winter and 

decreases in summer (McCutchan et al., 2008; Deek et al., 2010). The drivers of this seasonal 

fluctuation are likely due to changes in biological activity, and/or changes in catchment hydrology 

in response to precipitation events. During periods of increased biological growth and production 

(spring and summer) a greater portion of nitrate nitrogen is up-taken from the local soil and aquatic 

water column for biological processes (Ranalli and Macalady, 2010). However, during the winter 

period, when biological production slows, the amount of nitrate nitrogen used in the biosphere is 

reduced, increasing the available stores of nitrate nitrogen that can be mobilised into rivers (Ranalli 

and Macalady, 2010). Vegetation in New Zealand is dominated by evergreen species; nevertheless 

there is still a slow-down in biological production during the cooler seasons. Seasonal changes in 

precipitation may also influence the nitrate nitrogen concentrations in riverine systems.  Flow 

regimes are controlled by changes in precipitation, thus the amount of precipitation delivered to a 

catchment, and the duration of the event controls the movement of nitrate nitrogen from the 

biosphere into the local river (Deek et al. 2010). In times of high precipitation, typical of a 

generalised winter season, an increase in precipitation increases the amount of nitrate nitrogen 

leached into rivers. Coupled with the low biological production period that occurs in winter, a 

greater amount of nitrate nitrogen is therefore available to be moved through a catchment (Deek et 
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al. 2010). In New Zealand, the amount of precipitation delivered to the Southern Alps regions is 

annually consistent (see: Section 3.2.1), and runoff tends to be lower in winter as more 

precipitation is held in snow and ice storage, so the seasonal signal observed must be a result of a 

reduction in biological productivity during the winter period. 

 

There was no relationship in nitrate nitrogen concentrations compared to catchment area size, but 

there was significant difference in nitrate concentrations between the west and east coast 

catchments. The west to east trend was even more pronounced when specific yield calculations 

were used (Fig. 4.4), ranging from 2.1 – 528.7 kg N km-2 a-1 on the west coast, and 0.6 –

147.9 kg N km-2 a-1 on the east coast. Differences in geology, vegetation, and soil type 

corresponded to variations in the nitrate nitrogen concentrations observed across the Southern Alps 

and suggest that there is natural variation in nitrate concentrations from these reference catchments 

that corresponds to differing land use cover.  

 

5.1.3 Dissolved Carbon  

Dissolved carbon is a nutrient that has been sporadically investigated as a water quality variable in 

hydrological investigations in New Zealand, and is not regularly monitored or reported by local 

authorities. Thus, in New Zealand there are very few studies have considered the concentrations of 

dissolved carbon within aquatic systems, with work by Moore (1989a), Moore and Jackson (1989b) 

and Moore and Clarkson (2007), being the main source of dissolved organic carbon data. These 

studies are typically either focussed on dissolved organic carbon from wetland environments, or 

related to food web mapping in ecological studies. Both dissolved inorganic and organic carbon are 

vital for aquatic ecosystem function and play an important role in the stoichiometry of freshwater 

riverine environments. There is a clear gap in the context of New Zealand water quality data that 

overlooks the inclusion of dissolved carbon in monitoring studies, which is particularly short-

sighted since changes in dissolved organic carbon may indicate catchment disturbance through soil 

erosion (e.g. Lal, 2003), or to phytoplankton community structure and algal senescence (e.g. Klotz 

and Matson, 1978). Dissolved inorganic carbon, may be less deemed important for monitoring of 

waterways, but it is an important component of water chemistry, typically accounting for up to 

70% of the anion load of rivers, and is essential in stabilising and buffering water pH. For these 

reasons, and because concentration data is lacking for dissolved carbon in New Zealand, both 

dissolved inorganic and organic carbon were investigated in this study.  

Dissolved Inorganic Carbon 
Dissolved inorganic carbon had a median concentration of 4.1 mg C L-1, with a range of 3.1 –  

4.7 mg C L-1 across the 71 sample sites. There is a paucity of dissolved inorganic carbon values 
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reported for New Zealand, with only studies by Jacobson et al. (2003) and Lyons et al. (2002). 

Therefore, medians are contextualised relative to these two studies and additional international 

studies.  Globally, dissolved inorganic carbon values reported from major rivers around the world 

are much higher than the concentrations and yields observed in the Southern Alps of New Zealand. 

North America had a higher median record of dissolved inorganic carbon (15.8 C mg L-1), in 

comparison to this study, as did Asia (14.9 mg C L-1). Europe and Africa reported a wide range of 

median values with recorded concentrations both lower and higher than the current study (Table 

5.3). The most similar dissolved inorganic carbon concentrations are from South America (5.4 C 

mg L-1), as well as catchments within Japan (5.9 mg C L-1). Across Oceania the median 

concentration of dissolved inorganic carbon were reported as 12.1 C mg L-1, with a median of 

6.6 mg C L-1. The New Zealand estimate is derived from values from five catchments across New 

Zealand reported as personal communication from a former research institute (DSIR) in 1979. The 

only catchment common between the Meybeck and Ragu (2012) report and this study is the 

Waimakariri, which reported a dissolved inorganic carbon concentration of 4.8 mg C L-1 by 

Meybeck and Ragu (2012) relative to the median value of 3.4 mg C L-1 in this study.  

 

The concentration of dissolved inorganic carbon is expected to directly relate to local geology, 

temperature and discharge (Brunet et al., 2005; Baker et al., 2008). The weathering and mineral 

dissolution of carbonate and silicate within rocks is the primary source of dissolved inorganic 

carbon within freshwater ecosystems (Baker et al., 2008). The local geology is of importance 

because the exposure and composition of the lithology will influence how much dissolved 

inorganic carbon is produced within a catchment. Higher levels of dissolved inorganic carbon are 

expected in catchments with minimal vegetation cover (Das et al., 2005). The elevation and high 

denudation rate of Southern Alps region means there were several catchments in this study with a 

high percentage of gravel and rock, or gravel and till, with low vegetation cover and on this basis 

were expected to have higher dissolved inorganic carbon yields. The median concentration of 

dissolved inorganic carbon within these catchments, however, did not reflect a response to the low 

vegetation cover. The Cass catchment, for example, has the highest percentage of gravel and rock 

(47.6% of the total catchment area), with a corresponding dissolved inorganic carbon median 

concentration of 3.9 mg C L-1 and specific yield of 5.5 t C km-2 a-1, the yield being at the lower end 

of values observed in the Southern Alps. On the other hand, the Arrow catchment had the highest 

median concentration of 7.5 mg C L-1 but is only 0.72% exposed gravel and rock within the 

catchment. The Arrow has an even lower specific yield of 3.6 t C km-2 a-1, which is consistent with 

typically low inorganic carbon export from east coast alluvial greywacke, tussock dominated 

catchments. 
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Table 5.2: Nutrient concentrations and specific yields for 68 major world rivers discharging to the ocean, 
filtered to only consider rivers with complete DSi, NO3, NH4 and DIC data. Data Source: Meybeck and Ragu 
(2012) GEMS-GLORI database. Selected countries from each region also included. 

 DIC‡ DOC‡ NH4
† NO3

† PO4
† DSi‡ N 

 
 

Cc Yld Cc Yld Cc Yld Cc Yld Cc Yld Cc Yld 
              

Africa 8.1 1.1 8.5 2.8 549 62.1 87 14.7 24.7 4.4 7.2 1.0 3 

     Kenya 15.0 1.7 
  

1600 181.0 40 4.5 40.0 4.5 9.4 1.1 1 

     Mozambique 6.3 0.5 
  

40 3.2 130 10.4 10.0 0.8 7.9 0.6 1 

     D.R.C. 3.1 1.0 8.5 2.8 7 2.3 90 29.2 24.0 7.8 4.4 1.4 1 

              

Arctic 10.5 2.6 10.7 2.7 143 31.6 33 8.3 19.3 5.8 1.4 0.3 10 

              

Asia 14.9 7.8 3.3 0.6 212 108.5 654 332.9 73.6 35.5 6.1 4.9 21 

     China 29.2 10.9 1.9 0.6 113 57.5 1046 266.2 74.3 35.4 3.5 1.7 3 

     Indonesia 12.3 13.7 
  

150 139.8 442 487.2 69.4 79.8 12.0 13.5 5 

     Japan 5.9 5.4 
  

113 90.5 907 739.9 32.0 31.9 7.6 6.9 3 

              

Europe 29.0 9.0 3.5 1.1 277 94.7 1283 385.0 118.8 37.4 2.3 2.1 16 

     France 36.8 12.6 3.7 0.7 560 175.7 1944 453.9 210.7 61.7 2.1 0.7 3 

     Iceland 7.3 14.2 
  

36 74.1 27 52.3 12.5 23.6 6.6 13.2 2 

     Sweden 1.6 0.6 
  

14 5.5 130 51.2 2.0 0.8 2.2 0.9 1 

              

North America 15.8 3.8 4.2 1.3 42 12.0 583 209.2 26.0 7.4 3.4 0.9 10 

     Canada 12.1 1.1 
  

100 8.7 10 0.9 6.0 0.5 0.7 0.1 1 

     USA 14.3 4.6 4.2 1.3 36 13.9 709 261.4 28.0 9.2 3.3 1.1 8 

              

Oceania 12.1 14.2 – – 22 30.4 133 118.4 12.8 7.2 6.3 8.4 4 

     Australia 19.5 0.2 
  

36 0.3 110 0.8 24.0 0.2 2.3 0.0 1 

     New Zealand 6.6 6.5 
  

6 5.6 192 181.3 12.5 11.5 8.3 7.8 2 

     P.N.G. 15.9 43.7 
  

40 110.0 40 110.0 2.0 5.5 6.5 17.9 1 

              

South America 5.4 3.1 4.5 3.0 39 24.5 153 100.9 28.5 16.4 5.3 3.1 4 

     Argentina 8.3 1.7 6.1 1.2 50 10.2 165 33.7 45.0 9.2 8.0 1.6 1 

     Brazil 4.1 4.4 4.1 4.4 20 21.6 140 151.0 22.0 23.7 3.2 3.5 1 

     Uruguay 7.1 4.3 3.2 1.9 50 30.2 226 136.5 37.0 22.4 7.0 4.2 1 

     Venezuela 2.0 2.1 4.4 4.5 35 36.1 80 82.6 10.0 10.3 2.9 3.0 1 

              
‡ Concentration in elemental units mg L-1 and specific yield in elemental units of t km-2 a-1 
† Concentration in elemental units µg L-1 and specific yield in elemental units of kg km-2 a-1 
 

Temperature was expected to have an influence on the dissolved inorganic carbon concentration by 

providing more kinetic energy for the chemical reaction and breakdown of carbonate and silicate 

from the lithology (Bluth and Kump, 1994). No relationship was observed between the 

concentration of dissolved inorganic carbon and water or mean air temperature across all of the 

catchments, and is likely a consequence of the generally mild maritime climate of New Zealand 
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compared to continental climates where there are greater extremes in seasonal temperatures. 

Discharge was also identified as a potential controlling factor because it controls the quantity of 

dissolved minerals mobilised through a catchment. For example, a study in Argentina found there 

was a negative association between runoff and the concentration of dissolved inorganic carbon; as 

runoff increased dissolved inorganic carbon concentrations decreased as a result of dilution (Brunet 

et al. 2005). Similarly, the dissolved inorganic carbon concentrations become diluted (decrease) in 

the St. Lawrence River in spring when discharge values increased because of snowmelt (Helie et 

al. 2002). Conversely, Baker et al. (2008) found dissolved inorganic carbon concentrations to 

increase in winter with higher discharges. To assess the influence of discharge on the dissolved 

inorganic carbon concentrations from the Southern Alps, seasonal trends were assessed and the 

specific yield were calculated for each catchment (Tables 4.5, 4.6, and 4.9).  

 

The median dissolved inorganic carbon concentration in winter was statistically significant from 

summer, autumn and spring, with winter having the highest median concentration (4.6 mg C L-1). 

The seasonal climate regime of the Southern Alps means there is typically less runoff generated 

during the winter period (see: Fig. 3.9), suggesting that the concentration of dissolved inorganic 

carbon are likely diluted in periods of increased discharge, i.e. spring melt. The specific yield 

concentrations were higher in the west draining catchments, which have higher discharges than the 

catchments that drain to the east of the main divide. Contrary to seasonal variation concentration 

data, the specific yield data implies that more dissolved inorganic carbon is exported in catchments 

that receive higher amounts of precipitation; that is, increasing discharge (Fig. 4.4). There is a 

strong positive correlation between the amount of runoff and specific yield of inorganic carbon. 

 

The relationship between dissolved inorganic carbon and discharge is likely due to a combination 

of effects, including mineral availability for dissolution, denudation rates, and vegetation cover. It 

is unlikely that one variable is controlling the observed values and trends. The influence of 

geology, vegetation and soil type was therefore considered, with special consideration to geology 

because of its previously identified influence on dissolved inorganic carbon. The specific yield 

calculations were significantly different between geology clusters one; the alluvium dominated 

east-draining catchments (6.8 t km2 a-1), cluster three; the schist-dominated west draining 

catchments (21.7 t km2 a-1) and cluster six, the high elevation, glacier dominated sites  

(23.8 t km2 a-1). The difference between cluster one and three was expected because of the 

contrasting difference in geology across the Alpine Fault, however, the east draining catchments 

had significantly lower specific yields even though they are characterised by greywacke alluvium 

and lower discharges. The highest specific yields in dissolved inorganic carbon are typically from 

partially glaciated west coast catchments (e.g. Fox 32.9, Cook 29.8, Waiho 29.5, Waiatoto 29.5 t C 

km-2 a-1). The presence of glaciers within these catchments could contribute more inorganic carbon 
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from more exposed rock above the treeline, higher denudation rates associated with glacial erosion, 

or microbial respiration occurring within the ice.  Significant populations of microbes have been 

previously identified within both the Fox and Franz Josef (Waiho) catchments (Foght et al., 2004). 

If microbial activity within the glaciers was a significant source of inorganic carbon, it might also 

be expected that there would be greater amounts of dissolved organic carbon in these catchments, 

which was observed.  The Waiatoto Waiho, and Fox catchments also have some of the highest 

dissolved organic specific yields (15.9, 14.4, and 12.2 t C km-2 a-1 respectively). The role of 

microbial respiration and mediation of carbon flux in the Southern Alps cannot be quantified by 

this study, however, sources of carbon can be traced by using 13C ratios.  The 13C ratios for the 

glaciated catchments are typically around δ13C -8.0 to -6.0‰, which is similar to the ratio for local 

mineral sources of carbon sourced from calcite (Upton et al., 2003).  If the inorganic carbon were 

solely produced from the weathering of mineral sources and draw down of atmospheric carbon 

dioxide (either by chemical exchange or microbial respiration), it would be expected that the 13C 

concentration would be halfway between the 13C value for minerals and atmospheric CO2 (e.g. 

around δ13C -4‰) as each is consumed in equal portions (see: Section 2.4.1).  Since the 13C values 

are more depleted than this, it suggests that a significant portion of the dissolved inorganic carbon 

must be derived from a more negative source, that is, the biosphere; decomposition of plant 

material in the soil (which typically would have a δ13C value -20 ‰, see Rounwick et al., 1982). 

Thus, the 13C ratios support the observation that there are likely multiple sources of inorganic 

carbon in these catchments that reflect the combined influences of geology, vegetation, soils and 

climate conditions.  Multiple significant differences were noted across vegetation and soil clusters 

when comparing median concentrations and specific yields. These influences are unlikely to be 

independent of each other. The geology, vegetation and soil cluster groups all follow a similar 

trend in distribution. Each variable classifies a dominant group of west coast catchments, east coast 

catchments and a pocket of catchments dominated by high elevation and glaciation. The variables 

are not independent controls of nutrient flux but combine together with local climate condition, to 

influence the carbon concentrations.  

 

Dissolved Organic Carbon 
The concentrations of dissolved organic carbon have previously been investigated in two 

undisturbed catchment of the Southern Alps (the Maimai and the Larry), and by Carey et al. 

(2005). The ranges of dissolved organic carbon concentrations from this study, 1.4 – 3.0 mg C L-1, 

correspond with the median concentration from an undisturbed river in the Maimai catchment 4.5 

mg C L-1 (Moore, 1989) and are consistent with the range of DOC reported for four rivers in the 

Southern Alps of 0.1–1.4 mg C L-1 by Carey et al. (2005). The median value of 1.8 mg C L-1 

obtained across all of the study sites is, however, much lower than the median concentration from 
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the Larry Catchment, 43.4 mg L-1 (Moore and Jackson, 1989), which is a small, low relief 

catchment dominated by wetlands and peat. Dissolved organic carbon concentrations are controlled 

by soil organic matter, the rate and amount of litter decomposition (linked to the rate of litter fall), 

and discharge driven by precipitation (Moore, 1989; Jackson and Moore, 1989). In low disturbance 

natural wetlands and areas of high peat the concentration and flux of dissolved organic carbon is 

higher because the annual saturation of the area means subsurface flows are always passing 

through the soil horizon, mobilising any available and excess dissolved organic carbon present 

(Moore and Jackson 1989; Moore and Clarkson, 2007). The catchment that produced the highest 

median concentration of dissolved organic carbon (3.3 mg C L-1) was from the Waita Catchment, 

which of all the study sites has the highest percentage area of wetland and peat coverage. The 

Waita also had the most depleted mean δ13C ratio measured in this study (δ13C -12.9‰), which is 

also strongly suggestive of significant sources of soil-derived CO2 from microbial respiration of 

isotopically depleted plant carbon, which is consistent with carbon derived from peatlands, and 

supports the interpretation that the elevation dissolved organic carbon concentrations are likely a 

function of strong coupling between the lowland peat areas and the hydrological system. It is likely 

that the concentrations of dissolved organic carbon, which are relatively low for a wetland and peat 

environment are strongly diluted by high runoff in the upper catchment. 

 

The concentration of dissolved organic carbon is related to catchment discharge (Moore, 1989). 

Dissolved organic carbon in undisturbed catchments has an inverse relationship with discharge, 

decreasing as discharge increases (Moore, 1989). However, in catchments dominated by peat and 

wetlands the relationship with discharge is positive (Moore and Jackson, 1989). Seasonal variations 

are also expected to show a significant difference between the periods of high discharge (spring) 

and periods of low discharge (winter). A difference was observed between the median 

concentrations of dissolved organic carbon in spring (1.7 mg C L-1), and the median concentrations 

in summer and autumn (1.9 mg C L-1 and 1.8 mg C L-1 respectively), but these differences are 

within the margin of error for the analytical precision of dissolved organic carbon. The difference 

between spring and summer, and spring and autumn could highlight a dilution effect; that is a 

decrease in the concentration of dissolved organic carbon as runoff increases, a point that was 

illustrated in Fig. 4.5, which showed a strong positive correlation (0.91) between dissolved organic 

carbon yields and runoff. The association between runoff and dissolved organic carbon, was, 

however, only 0.67 for the subset of the west coast catchments, suggesting that catchment-specific 

differences are more pronounced on the west coast than the east in relation to dissolved organic 

carbon specific yields. 

 

Differences in the dissolved organic carbon between the west and east coast draining catchments 

were expected because of the higher rates of discharge in the west. There was a significant 



 109 

difference between the median concentrations of dissolved organic carbon from the two main study 

areas with higher organic carbon concentrations and yields observed on the west coast. Moore 

(1989) reported that although dissolved organic carbon concentrations are related to discharge, it is 

only a partial explanatory variable. The influence of geology, vegetation and soil type are also 

potential explanatory variables. Clusters of catchments based on geology, vegetation and soil type 

showed variable and multiple significant differences in regards to the median concentrations of 

dissolved organic carbon. Vegetation and soil composition are already identified variables that 

control the concentration of dissolved organic carbon and geology will influence both of these 

variables (Moore 1989; Moore and Jackson 1989). The groups of catchments clustered by geology, 

vegetation and soil type identified numerous instances in which the dissolved organic carbon 

concentrations and specific yields were significantly different from one another. These results 

highlight the importance of not only assessing what variables are controlling a nutrient but how 

strongly the nutrient is controlled by any particular variable, because no differentiation is made 

about how strongly variables like geology are in fact controlling the observed concentrations. 

 

5.1.4 Silicon 

Silicon is primarily derived from the weathering of silicate rocks and mineral dissolution (Georg et 

al., 2006). The weathering rate is strongly associated with climatic and tectonic processes, 

however, hydrological and biological processes also control the concentration of silicon within a 

riverine system (Jacobson et al., 2003: Georg et al., 2006; Turner et al., 2010). The main biological 

processes affecting silicon are associated with diatoms (Harrison et al., 2012). Diatoms account for 

60% of phytoplankton species in the soil and water column, and require a high level of silicon for 

the formation of cell walls; therefore, uptake rates control the amount of silicon in the soil and 

water (Li et al., 2007). The hydrological processes influencing silicon concentrations are often 

driven by changes in climate conditions, i.e., precipitation, shifts in temperature, and the rate of 

evaporation will affect discharge and runoff (Turner et al., 2010). As a consequence of these 

different controlling factors on silicon concentrations seasonal signals have been observed in 

previous studies. Li et al. (2007) reported that silicon concentrations were diluted during seasons 

with higher precipitation and discharge and Wall et al. (1998) suggested that the decrease in silicon 

during summer was due to an increase in diatom activity. Regardless of the observed seasonal 

variations, silicon concentrations are also described as ‘stable’ within riverine systems and 

consistent from river to river globally (Hughes et al., 2011). The seasonal median concentrations in 

this study showed a significant difference between the winter and the other seasons. The silicon 

concentrations were significantly higher in winter, and this is interpreted as evidence that silicon 

concentrations are potentially diluted in periods of higher runoff, i.e. during spring melt.  
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The median concentration of silicon in the Southern Alps catchments was 1.5 mg Si L-1, with a 

range of 1.0 – 1.9 mg Si L-1. Compared to global values the concentrations are similar to Africa 

(1.0 mg Si L-1) and North America (0.1 mg Si L-1), but considerably lower than Asia (4.9  

mg Si L-1), South America (3.1 mg Si L-1) and Europe (2.1 mg Si L-1) (Table 5.2). The silicon 

values in New Zealand are considered diluted because of the high amount of annual precipitation 

received within the Southern Alps region (Jacobson et al., 2003). The previously reported silicon 

values from the Oceania region had a median concentration of 8.4 mg Si L-1, with New Zealand 

representing a median concentration of 7.8 mg Si L-1 (Table 5.2). This silicon values comes from 

the average of two silicon concentrations; one from the Waimakariri and one from the Waikato 

River. The Waikato River, which has a silicon concentration of 22 mg Si L-1 is geothermal fed. 

Geothermal waters have high silicon concentrations (Timperley, 1979), therefore, the median 

concentration of 7.8 mg Si L-1 for New Zealand is not an accurate representation of silicon 

concentrations across the country. A better comparison can be made to the reported silicon 

concentrations of Jacobson et al. (2003), Lyons et al. (2002) and Rosen and Jones (1998) from low 

disturbance alpine catchments (Table 5.3). When compared to these studies, the silicon 

concentrations from this study are similar to those of previous work in some of the same 

catchments. For example, the median silicon concentration for the Karangarua catchment, from this 

study, is exactly the same as previously reported (1.0 mg Si L-1). The calculated specific yield 

values for silicon have been previously reported to be very high from high elevation catchments 

that drain into the Pacific Ocean (Lyons et al., 2002), but these observations are typically drawn 

from tropical catchments that are subject to intense monsoonal activity and high denudation rates 

(Hovius et al., 2011). The specific yields for silicon for the Southern Alps ranged from 3.0 – 13.3 t 

Si km2 a-1 compared to the east, 0.3 – 6.9 t Si km2 a-1. The specific yield concentrations are 

reflective of the high discharge rates and smaller catchment areas of the west coast catchments. For 

example, the Matukituki catchment on the east coast has a catchment area of 506 km2 and annual 

discharge of 47 m3s-1. When compared to the west coast Whataroa catchment, the catchment area 

of 451 km2 is similar, but the discharge is notably different with almost double the amount of water 

being moved through the Whataroa catchment, 128 m3 s-1 in comparison.  As a result, the silicon 

specific yields are 2.4 t km2 a-1 for the Matukituki and 9.7 t km2 a-1 for the Whataroa catchment.  

On the basis of these yields it is likely that the amount of silicon exported from the Southern Alps 

is supply limited, rather than transport limited. 
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Table 5.3. Comparison table of the dissolved inorganic carbon, nitrate nitrogen and dissolved silicon for 
catchments in the Southern Alps from previously published studies and this study.  Data Sources: Jacobson 
et al. (2003), Lyons et al. (2002), Rosen and Jones (1998).  

 DIC (mg C L-1) NO3 (µg N L-1) DSi (mg Si L-1) 

 

Prev.  
Studies 

This 
Study 

Prev.  
Studies 

This 
Study 

Prev.  
Studies 

This 
Study 

West Coast       
Cook 9.1 5.4 

  
1.1 1.3 

Fox 10.5 6.4 31 45 0.9 0.4 
Grey 5.1 3.1 

  
2.2 1.0 

Haast1 6.7 5.1 68 32 1.0 1.4 
Hokitika2 5.9 4.0 256 56 0.8 1.8 
Karangarua 6.4 3.9 

  
1.0 1.0 

Kokatahi 7.4 3.3 
  

1.7 1.9 
Mahitahi 6.1 3.3 

  
1.1 1.9 

Otira 3.3 3.1 
  

0.8 1.9 
Paringa 5.6 3.5 

  
1.2 1.6 

Taramakau3 5.9 4.3 
  

1.8 2.4 
Waiho 7.0 4.7 118 47 1.1 0.6 
Waitaha 8.9 5.1 105 117 1.1 1.8 
Wanganui 7.5 4.7 

  
1.1 1.8 

Whataroa 6.0 4.5 155 40 0.8 1.4 

       East Coast 
      Arrow 13.4 7.5 12 1 

 
1.9 

Ashburton North 5.2 4.6 
  

1.9 2.4 
Ashburton South 6.5 4.1 

  
2.3 2.9 

Birch 3.4 3.5 
  

0.7 1.4 
Bush 3.6 3.5 

  
0.9 1.3 

Cardrona4 9.3 7.2 49 21 2.3 2.2 
Cass 6.1 3.9 

  
1.8 2.1 

Hooker 6.9 3.9 
  

1.0 0.6 
Jollie 4.2 2.7 

  
1.5 2.2 

Macaulay 4.6 3.3 
  

1.4 2.0 
Makarora 5.9 4.1 

  
0.9 1.4 

Matukituki 10.1 5.7 
  

0.7 0.8 
Rakaia 6.9 4.8 217 54 1.4 1.8 
Rangitata 6.0 3.5 3299 37 1.8 2.3 
Tasman 5.6 3.9 

  
1.2 0.5 

Temple 4.0 3.6 
  

1.4 2.2 
Waimakariri 6.5 3.4 

  
1.8 2.4 

Wilberforce 6.9 4.3 
  

1.6 2.1 
       

 
Note: 1 Samples collected at the Roaring Billy Falls, 2 samples collected from the Hokitika Gorge, 3 samples collected 
from the lower Taramakau at Kumara and 4 Samples collected from the lower Cardrona River near the Arches. 



 112 

The highest specific yields of silicon are typically from the northern end of the west coast and 

Arthurs Pass, coincident with where the highest precipitation rates occur (e.g. Mahitahi 13.2, 

Kakapotahi 12.7, Taramakau 11.3 t Si km-2 a-1).  Silicon concentrations and specific yields are 

higher on the west coast, relative to the east coast, despite the being greater vegetation cover on the 

west coast, which it was thought might reduce the potential mineral sources available, chemical 

weathering and erosion.  However, the alpine regions of the west coast have very active, young thin 

soils that turn material over quickly (Larsen et al., 2014), and this cycling through the biosphere 

may play an important contribution to silicon yields in the west coast.  This study did not quantify 

the contributions of biogenic silica relative to amorphous mineral silica, however, if more silicon is 

being produced through biogenic cycling, future work should establish what portion of silicon is 

derived from biogenic sources to test whether this is a contributory factor to the spatial patterns in 

silicon export across the Southern Alps. 

 

Given silicon is derived from mineral dissolution the study catchments were clustered and tested to 

assess if catchments with different geology had significantly different concentrations of silicon. 

Analysis showed a statistical difference between the catchments in geology cluster one when 

compared to all other clusters and between clusters six and all other clusters. Cluster one was 

dominated by catchments on the east coast, therefore, the statistical difference observed could be 

explained by the geology and its erodability and availability of silicate minerals. When the same 

cluster analysis was carried out for differing vegetation types the same significant difference was 

identified: silicon concentrations in cluster six, which is dominated by east coast catchments, were 

significantly different from all other clusters, which highlights that multiple variables likely 

influence the concentration of a nutrient and further analysis is required to validate all possible 

controlling variables and the strength of their influence.  

 

5.2 Stoichiometry 
The concentrations of nutrients are considered in isolation so that freshwater management typically 

describes thresholds for discrete nutrients.  When these thresholds (see: Section 2.3) are exceeded 

then management interventions are implemented.  The water quality of the Southern Alps of New 

Zealand is of a very high standard of purity compared to water from other parts of the world. The 

objective of this study was to characterise the water quality of Southern Alps rivers that retain a 

high level of indigenous land cover and are relatively unaffected by widespread anthropogenic land 

use.  On this basis, all of the dissolved nutrients that have been measured in this study are very low, 

in part due to the high runoff and dilution effects, but also due to strong nutrient coupling between 

land use and nutrient cycling.  In the New Zealand landscape both nitrogen and phosphorus are 
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low, so there is little export of these nutrients from the indigenous forest and tussock grasslands. As 

a result, the reference condition state is to have relatively high portions of silicon and carbon 

relative to the amount of nitrogen and phosphorus in the waterways. 

 

The cycling of nutrients through the aquatic ecosystem is of fundamental importance to nutrient 

budgets and stream health (McGroddy et al., 2008), but this is not just limited to the effects of 

nutrient concentrations in isolation. In marine and freshwater ecological studies it is typical to 

consider how the portions of nutrients relate to each other, as excess in one nutrient can impede 

uptake of other nutrients (Ittekkot et al., 2012). Stoichiometry refers to the concentration of 

different nutrients in relation to one another, and is a widely used tool for understanding ecosystem 

collapse and the production of algal blooms in the estuarine environment; of which the nutrient 

budget is strongly determined by influent riverine water. For example, in an aquatic ecosystem the 

stoichiometric ratio between nitrogen and phosphorous (N:P), in molecular units, is 8:1. That is, for 

every eight parts of nitrogen needed in aquatic communities, one part phosphorous is also required 

(Redfield, 1958).  When land use alternation alters the balance of these nutrients relative to each 

other, there are potentially deleterious effects on the near shore coastal zone primary productivity 

and fisheries. The ratio between nitrogen and phosphorous is widely used, because of the dramatic 

increase in anthropogenic nitrogen and phosphorous sources leaching into the rivers, and then into 

the coastal zone. Excess nutrient loading in aquatic systems can lead to a constituent becoming 

limited causing eutrophication, which is the excessive enrichment of the nutrient budget within an 

aquatic system causing a detrimentally high production of autotrophs (Khan et al., 2014).  

 

In freshwater management in New Zealand there is a lack of data regarding stoichiometry, in part 

this stems from the direction of the NPS-FM, which does not set threshold limits for phosphorus at 

all, and rather than deal directly to the consequences of high nitrate concentrations, the approach 

for the deleterious effects of excess nutrients is managed through the consequences.  That is, the 

NPS-FM seeks to manage and mitigate the effect of periphyton in rivers, rather than deal directly to 

the causes of periphyton growth, which is largely controlled by the imbalance of nutrients in the 

water system.  Given the lack of any freshwater management guidance on the recommended ratios 

of nutrients relative to each other, like recommended guidelines for N:P, there is a paucity of 

reporting nutrient stoichiometry in New Zealand, although the ratios observed in this study can be 

comparison of international values (Table 5.4).  

 

The stoichiometric relationships investigated in this study show how variable the ratios can be 

across differing catchments, and how the distinctive low nutrient concentrations observed in New 

Zealand rivers can influence the stoichiometry. For example, the median ratio of silicon to nitrate 

nitrogen (DSi:N) was 18:1, but displayed a spatial variability with lower ratios typical of the west 
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coast catchments and higher ratios in the east (Fig. 4.7). DSi:N and silicon to phosphorous (DSi:P) 

ratios are much higher in pristine undisturbed rivers than what is required for biological uptake 

(Ittekkot et al., 2006). Marine diatoms need silicic acid as a major nutrient, and in areas where 

there is DSi:N ratios less than 1, there is insufficient silicon availability for diatom metabolism 

(Brzezinsky, 1985).  Declines in DSi:N ratios are strongly linked to increasing populations of 

potentially harmful non-diatom species (Justic et al., 1995).  As a part of an integrated freshwater 

management strategy, where periphyton (algae, microbes, cyanobacteria) are potentially a problem 

much could be gained by assessing whether the development of nuisance growth is due to nutrient 

imbalance, in particular, silicon limitation, as well as the proportions of organic forms of the 

nutrients (Ittekkot et al., 2006). 

 

The DSi:N ratio in New Zealand is high by global standards, which provides a different perspective 

on how nutrients are understood, because a simple characterisation of the silicon and nitrate data as 

either concentrations or specific yields has shown these to be very low by global standards.  From 

this study it is clear that different patterns are evident when these are considered as stoichiometric 

ratios.  The freshwater ecosystem, and the delivery of nutrients via rivers to the coastal margin, 

which sustains the near shore fisheries likely evolved under conditions of extremely high DSi:N 

ratios (e.g. Gilpin et al., 2004), so where there have been dramatic shifts in land cover, two orders 

of magnitude increase in nitrate in rivers, like that of the east coast of New Zealand, there will be 

inevitable adverse effects associated with nutrient balance in both rivers and the marine 

environment due to nutrient limitation. 

 

The median ratio of carbon to nitrogen (C:N) in the Southern Alps was 184:1 with a very wide 

range from 46 – 1399:1 across the 71 sites, a ratio magnitudes higher than internationally reported.  

Despite both the overall concentrations and yields of dissolved carbon (that is the sum of inorganic 

and organic carbon) and dissolved nitrogen (the sum of nitrate and ammoniacal nitrogen), the 

relationship between these two variables in New Zealand is very different to the global context.  In 

New Zealand, the baseline conditions for C:N ratios should be considered to be incredibly carbon 

rich, relative to nitrogen. Ultimately, the stoichiometry of freshwater ecosystems receives a lack of 

attention, especially in New Zealand (Table 5.4), and greater consideration should be given to the 

stoichiometry of riverine systems to establish baseline nutrient levels and appropriate management 

practices.    
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Table 5.4: Stoichiometric molar ratios for 68 major world rivers discharging to the ocean, filtered to only 
consider rivers with complete DSi, NO3, NH4 and DIC data. Note that ratios of carbon are from a subset of 
25 rivers. Data Source: Meybeck and Ragu (2012) GEMS-GLORI database. Selected countries from each 
region also included. 

 

 
C:N C:Si  OC:IC OC:N   N:P Si:N 

       

Africa 139.5 6 0.89 0.52 46 16.0 

     D.R.C. 139.5 6 0.89 0.52 9 22.6 

       

Arctic 148.9 43 0.19 0.36 34 8.1 

       

Asia 26.9 22 0.03 0.01 80 7.8 

     China 38.3 25 0.02 0.01 239 2.1 

     Georgia 17.3 29 0.03 0.00 200 0.5 

     Pakistan 13.8 9 0.03 0.02 9 1.5 

       

Europe 48.8 245 0.03 0.02 43 11.0 

     France 11.7 42 0.01 0.00 25 0.7 

     Italia 25.7 46 0.05 0.01 50 0.6 

     Nederland 8.9 36 0.08 0.01 27 0.2 

     Russia 99.0 550 0.01 0.04 61 0.3 

       

North America 75.3 15 0.11 0.08 63 7.9 

     USA 75.3 15 0.11 0.08 72 7.2 

       

Oceania – – – – 49 22.3 

     Australia     13 7.9 

     New Zealand     47 20.3 

     Papua New Guinea     88 40.5 

       

South America 61.6 5 0.94 0.15 17 13.4 

     Argentina 78.1 4 0.15 0.17 11 18.6 

     Brazil 59.8 6 1.08 0.15 16 10.0 

     Uruguay 43.5 3 0.27 0.07 16 12.6 

     Venezuela 64.9 5 2.27 0.23 25 12.6 
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5.3 Catchment Influences on Riverine Nutrients 
The concentration of nutrients within catchments is controlled by multiple catchment 

characteristics such as slope, elevation, climate, geology and the percentage of agricultural pasture 

(McDowell et al. 2013). Spatial and seasonal differences in nitrate nitrogen, dissolved inorganic 

carbon, dissolved organic carbon, and silicon were observed in the Southern Alps. Differences 

were also observed between the different clusters of vegetation and geology type. However, these 

differences are generalised conclusions; for example, a significant difference identified between the 

summer and winter concentrations of a nutrient could actually be a reflection of changes in any 

number of co-dependent variables i.e., precipitation, temperature, evapotranspiration, microbial 

activity, decomposition rates, weathering rates, etc. Therefore, multiple regression analysis was 

used to 1) determine if an empirical model based on catchment characteristics could be used to 

predict nutrient concentrations and 2) determine the most influential controls on the water quality 

variables examined across the Southern Alps region. For nitrate nitrogen, ammoniacal nitrogen, 

and phosphate phosphorous the majority of the controlling factors were associated with land use. 

For example, the proportion of snow and ice cover in a catchment is the culmination of local 

topography and climate conditions, but the presence of snow and ice alters the amount of water 

storage with seasons, rates of mechanical and chemical weathering, increases the amount of bare 

rock, gravel and till exposed at the surface, and reduces the percentage cover of indigenous forest 

or grassland cover. During the multiple regression analysis it was identified that snow and ice 

cover affected several of the nutrients concentrations. For instance, increasing snow and ice cover 

was linked to decreasing the nitrate nitrogen concentration (Table 4.15). Nitrate nutrients are 

cycled through the biosphere, particularly soil; therefore, increased amounts of snow and ice cover 

will decrease the soil percentage area, and in recently deglaciated catchments, there is likely to be 

more skeletal and poorly formed soils rather than podzols associated with forests. The observation 

that nitrate levels increase with increasing pasture is widely observed (e.g. McDowell et al., 2013; 

PCE, 2012) but the suggestion that increasing indigenous forest is also positively related to nitrate 

is interesting.  In temperate forests nitrogen is tightly cycled between the plants and the labile pool 

of organic nitrogen in the soil, but losses of nitrogen occur mainly as dissolved nitrogen from water 

seepage from the soil into waterways (Davis, 2014). In pristine forests seepage of nitrogen from 

soil is as organic nitrogen, but nitrate is lost as leachate when the forest soils are dominantly clayey 

(i.e. negatively charged) (Davis, 2014). The increase in nitrate with increased forest cover, then 

likely reflects the loss of nitrogen from the forest soils and with more area under forest there is 

potentially more catchment area that is undergoing nitrogen leaching through the soil. The nitrate 

concentrations were also positively linked to increased coverage of rock and gravel area, relief, and 

discharge; with catchment relief being the most influential catchment variable on the concentration 

of nitrogen (Fig. 5.3). These variables suggest that nitrate nitrogen is lost from the catchments more 
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readily where there is higher permeability and runoff generation (Burt and Pinay, 2005), that is, 

flushing of nitrate with increased discharge. 

 

 
Figure 5.3: A diagram of the most influential controlling factors identified as having an influence on the 
concentration of nitrate nitrogen (NO3), ammoniacal nitrogen (NH4) and phosphate phosphorous (PO4). 
Solid arrows denote a positive influence and dashed arrows represent the negative influence. Weighting of 
the arrow indicates the strength of the influence.  

 

Land use characteristics also strong influence the concentration of phosphate phosphorus.  For 

instance, non-spatial multiple regression analysis conducted in Ireland rivers by Greene et al. 

(2013) found that the phosphate phosphorous concentration were controlled by 11 different 

environmental factors. These factors included the percentage coverage of bedrock, urban 

settlement, dairy farming, and agricultural pasture, as well as mean slope, drainage density, and the 

phosphorous runoff risk associated with gley soils. Although the reliability of the phosphate 

phosphorous data used in this investigation has high uncertainty given the concentrations being at 

the method detection limit, some of the controlling predictors of phosphate phosphorous identified 

through multivariate analysis in this study concur with Greene et al. (2013) findings. In particular, 

catchment gradient, bedrock and percentage of pasture were all identified as determinants of 

phosphorus concentration. The overlap in controlling variables indicates that the identified drivers 

of phosphate phosphorous are consistent with international studies, and globally the drivers of 

phosphate phosphorous concentrations can be attributed to certain catchment characteristics. The 

additional variables identified within both multivariate analyses, however, highlight that phosphate 

phosphorous concentrations will also be reflective of local controls. The percentage of dairy farms, 

and urban areas within the Ireland based multivariate analysis are indicative of anthropogenic 

influential factors contributing to the phosphate phosphorous concentrations, which would not be 
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expected in reference catchments like the Southern Alps. Where anthropogenic disturbance 

occurred, these were positively related to increased phosphate concentrations (e.g. pasture and 

exotic forestry). Increased forestry cover was also linked to decreasing phosphate concentrations, 

which may suggest increased retention of phosphorus in the biosphere under forest soils.  For 

example, as soils age in the West Coast region there is a systematic decline in available phosphorus 

and the soils become phosphorus-limited due to forest growth (Richardson et al., 2004). In such a 

high leaching environment, the indigenous plants are selectively adapted to cycle phosphorus 

conservatively (Richardon et al., 2004), and this may in part explain why there is so little 

phosphorus in New Zealand waters under natural vegetation cover. Other catchment characteristics, 

like mean annual discharge, gradient, and catchment ruggedness were also linked to phosphorus 

concentration and are likely factors that influence soil development and leaching.  For instance, 

higher mean annual discharge could be connected to increased disturbance of the riparian zone and 

potential mobilisation of phosphorus from soils. 

 

Multiple regression analysis for dissolved inorganic carbon and organic carbon highlighted the 

most influential variables controlling the observed concentrations (Fig. 5.4), with a moderate 

proportion of these controlling variables being soil or land cover factors. In a study of dissolved 

carbon concentrations in the north-eastern USA, land use, soil texture and soil order were identified 

as important determinants influencing the concentration of dissolved inorganic and dissolved 

organic carbon concentrations (Hossler and Bauer, 2013). The work of Hossler and Bauer (2013) 

validates the use of the multiple regression models to identify predicting variables and emphasising 

that the concentration of dissolved carbon in riverine systems is globally controlled by soil and land 

cover variables. This study also found that dissolved organic carbon concentrations were closely 

linked to soil characteristics, in particular, soil structure, the higher amounts of sandy soils being 

positively related to increasing dissolved organic carbon. Sandy soils have higher leaching rates of 

dissolved organic carbon because of their lower absorption capacity (Nelson et al., 1993), and as a 

result there are greater losses of organic acids and organic material to waterways. 

 

The primary source of dissolved inorganic carbon in rivers is from the weathering and dissolution 

of rock material; this is also the primary source of silicon in rivers.  Multiple regression analysis 

determined that both of these variables are controlled by the percentage of snow and ice (Fig. 5.4).  

As previously described with nitrogen, the presence of snow and ice in a catchment corresponds to 

numerous catchment characteristics.  In the instance of dissolved inorganic carbon, increased 

amounts of snow and ice likely influence the amount of freshly weathering mineral surfaces 

available for chemical weathering, however, this should also mean a corresponding increase in 

dissolved silicon.  The silicon levels from the glaciated catchments were much lower than expected 

(0.6 compared to ~1.5 mg Si L-1 for all other catchments), and would in fact suggest a reduction in 
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chemical weathering and CO2 drawdown in these catchments.  A positive relationship in dissolved 

inorganic carbon with snow and ice, and a negative relationship with silicon appears 

counterintuitive. One possible explanation could be that the mechanical erosion of ice releases fine 

granular material, and that the silicon is being held in particulate silicon and has not yet 

transformed into a dissolved form.  All of the glacierised catchment water samples had to be 

filtered to remove suspended material, so it may be that this effectively removed all silicon greater 

than 0.45 µm.  It is possible that the inorganic carbon forms are positively correlated because 

carbonate has a significantly faster dissolution rate than silicon weathering (Drever, 1994), so that 

it has had sufficient time to dissolve, whereas silicon is still particulate bound. The percentage area 

of silty-skeletal soils was also positively related to silicon concentration, and it is likely that these 

thin soils are a net exporter of silicon and future work should assess what portion of the dissolved 

silicon concentration is biogenic. 

 

 

 

 
Figure 5.4: A diagram of the most influential controlling factors identified as having an influence on the 
concentration silicon (DSi), dissolved organic carbon (DOC) and dissolved inorganic carbon. Solid arrows 
denote a positive influence and dashed arrows represent the negative influence. Weighting of the arrow 
indicates the strength of the influence.  
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5.4 Implications of this Study 
The Southern Alps of New Zealand provides a suitable baseline for nitrate nitrogen, dissolved 

inorganic carbon, organic carbon and silicon concentrations. In New Zealand it has been identified 

that there is a need for these values, especially as shifts in governmental regulations require new 

guideline and ‘trigger’ values to be established for the monitoring of water quality at a regional 

level. Previously, data from the NRWQN has been used to assist in the establishment of water 

quality guidelines, but recent research has identified this data set as a poor indicator of national 

water quality because it under represents low disturbance catchments, particularly on the west coast 

of the South Island (McDowell et al., 2013). Ultimately, this project has filled that gap, by 

characterising the water quality of the Southern Alps, as a proxy indicator of the base line water 

quality conditions within New Zealand. But also indicates within a natural environment what 

controls these levels, highlighting the sensitivity of each nutrient to particular factors such as 

hydro-climatic factors and soil properties.  

 

International comparisons of water quality data have previously highlighted that New Zealand has 

‘good’ water quality. At a global scale this is true, however, at the national perspective this study 

highlights the magnitude of decreasing water quality across New Zealand and how dramatic the 

shifts in natural nutrient balances have been as a direct response to anthropogenic activity. Previous 

studies in the New Zealand context, like Jacobson et al. (2003), have suggested that the 

concentration of dissolved constituents in alpine catchments in New Zealand is low, in comparison 

to the global context, because of the flushing and dilution effect that is caused by the dynamic 

nature of the Southern Alps. However, the nutrient concentration of the Southern Alps has been 

determined to be an accurate reflection of the baseline conditions of nutrients across all low impact 

catchments in New Zealand, when compared to other baseline studies. For example, previous 

research in the headwaters of the Silver Stream catchment, Otago, which is a mixed podocarp 

forest that receives less than 1,000 mm of rain per annum, produced a baseline concentration of 

57 µg N L-1 for nitrate nitrogen and ammoniacal nitrogen and phosphate phosphorous levels below 

a detectable limit (Fountain, 2010). Another study in the headwaters of the Water of Leith 

catchment in Otago, which has the same catchment characteristics as the Silver Stream, also 

concluded the base line level of nitrate nitrogen to be 44 µg N L-1 and a median concentration of 

3 µg N L-1 of ammoniacal nitrogen (Abu Hanipah, 2012). These values, as well as the few studies 

that have attempted to quantify baseline nutrient chemistry in New Zealand are consistent with the 

median nitrate nitrogen concentration, 32 µg N L-1 reported here. Thus, it is suggested here that 

although the Southern Alps are an area of high discharge, they are still a suitable proxy indicator 

for baseline water chemistry in New Zealand making the values applicable estimates of all low 

impact catchments in the South Island of New Zealand.  
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5.5 Limitations and Future Directions 
Three key limitations were identified with the current study; the censored natured of the phosphate 

phosphorous and ammoniacal nitrogen data, the limitation associated with the sampling frequency 

and lack of discharge weighted concentrations; and the uncertainty associated with metadata. The 

phosphate phosphorous and ammoniacal nitrogen values obtained from the rivers draining the 

Southern Alps was highly censored with a large portion of each dataset having values at, or below, 

the analytical detection limit. Phosphate phosphorous and ammoniacal nitrogen are both key water 

quality variables, strongly influenced by anthropogenic activities, such as agriculture (Parkyn and 

Wilcock, 2004), therefore, establishing baseline levels would considerably assist in the setting of 

reasonable water limits for phosphate phosphorous and ammoniacal nitrogen concentrations. 

Studies have been carried out within upland low disturbance catchments to quantify baseline or 

reference values of phosphorous phosphate in New Zealand (Table 5.1), i.e. Cooper and Thomsen 

(1988); Rosen and Jones (1998); Duggan et al., (2002); Larned et al., (2004). However, these 

studies highlight the natural variation that can occur in phosphate phosphorous concentration as a 

result of local catchment characteristics; that is, geology, runoff, precipitation, and vegetation cover 

(Parkyn and Wilcock, 2004). Concentrations of ammoniacal nitrogen are also highly sensitive to 

the local catchment characteristics and a wide range of values has previously been reported in New 

Zealand Rivers (i.e. the values from the NRWQN, and Table 2.1). The spatial scale of the Southern 

Alps allows for a wide variety of catchment characteristics, including climatic regimes, to be 

incorporated into the analysis of water quality variables; therefore, if a high precision data set had 

been collected the natural concentration range and the potential drivers of phosphate phosphorous 

and ammoniacal nitrogen could be identified. Nevertheless, the nature of the censored data 

identified a potential area of future research; investigation of trace nutrients, like that of phosphate 

phosphorus and ammoniacal nitrogen, at a higher analytical resolution to determine natural 

concentrations, specific yields and catchment drivers.  

 

The lack of discharge-weighted concentration data and the sampling frequency is also a limitation. 

Specific yield calculations require concentration data, the area and the discharge of the catchment. 

The specific yield calculations in this study were validated against a small collection of specific 

yields calculated using discharge-weighted concentrations (see: Sections 3.4.5 and 4.1.3). For 

nutrients that are controlled or influenced by discharge; like dissolved organic carbon and nitrate 

nitrogen, discharge weighting the concentrations can make a considerable difference to the 

accuracy and precision of the calculated specific yield (Haggard et al., 2003; Stelzer and Likens, 

2006). Thus, the accuracy of the specific yield concentrations may be improved by using 

discharge-weighted concentrations. An investigation into the influence of a high-resolution 

sampling period, incorporating discharge-weighted concentrations could be conducted to 
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investigate the influence of sampling frequency on the nutrient concentration and the influence of 

discharge weighted-concentrations on specific yield calculations. The sampling frequency of the 

current study was every 3 – 6 months, to capture seasonal changes in the concentration of the 

selected nutrients. A higher resolution sampling frequency, however, could allow for the capture of 

smaller fluctuations that may occur within nutrients at the catchment scale. Depending on the 

desired resolution of the sampling period, nutrient samples and the discharge measurements could 

be taken ever month, week or even daily. Hourly sampling could also be taken with the use of 

monitoring equipment such as water level loggers, a sonde and an automatic water sampler. Hourly 

and 24 hour sampling periods have already identified that there is a change in aquatic ecosystem 

during these time periods; i.e. shifts in pH, the dissolved oxygen and carbon dioxide cycling 

(Parker et al., 2010). Another advantage of high frequency monitoring, with the use of equipment 

also allows for samples to be collected before, during, and after flow events. Although it is standard 

practise to only measure water quality under base flow conditions, the response of nutrients to 

recorded flow events could allow for further interpretation of nutrient responses. For example, 

previous work by Moore and Jackson (1989) identified that dissolved organic carbon 

concentrations change in response to flow events; the dissolved organic carbon concentrations are 

higher on the falling limb of a flow event and lower in the rising limb.  

 

A third limitation to this investigation was the use of metadata to determine aspects such as land 

use cover, soil properties, and climatic variables. All of the variables have been obtained from 

national data sets, established by research or government institutions; therefore, the accuracy and 

reliability is assumed to be good, however, these datasets are interpolated from spatial mapping, so 

indicators like soil pH or CEC may be subject to large errors in remote locations where there is 

little empirical data. One of these variables was the simulated discharge data obtained from the 

NIWA flow dataset (Booker and Woods, 2014). When this data was compared, using a regression 

fitted line plot, to the known discharge of several rivers from this study, the relationship was 

significant at the 95% confidence interval and had an r2 of 98.5% (Fig. 5.1); concluding the 

simulated NIWA data was a good estimator of streamflow. Of course, this modelled dataset is built 

from flow records, but it was also validated by the inclusion of 9 rivers that were also gauged 

during this study.  

 

Future research should be directed to detailed catchment-specific studies to test the regional 

approach to water quality that has been developed here.  In particular, interrogate at the catchment 

level why different catchment variables are driving nutrient responses.  Such an approach should 

adopt a longitudinal approach so that seasonal variations can be assessed, as well as spatial 

differences that may highlight the different roles of geology, vegetation and soil.  More work 

would also be beneficial in understanding the hydrochemical connections between soils, leaching, 
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and subsequent riverine water quality in indigenous vegetated New Zealand catchments. Another 

area for future development would be to expand the use of stable isotope tracers, particularly 

carbon, which has the potential to inform the main sources of catchment carbon, and a range of 

values have been provided in this study that should act as a framework to guide which catchments 

are likely dominated by soil processes, compared to chemical weathering processes.  The 

quantification of biogenic silica within the catchments would also be useful to assessing the silicon 

cycling in the Southern Alps. Biogenic silica has been identified as a large part of the silicon cycle, 

but is rarely characterised in regards to the hydrological cycle (Conley, 2002); therefore, to fully 

understand all of the potential sources of silicon contributing to the riverine concentrations is 

required to accurately assess natural concentrations of silicon and its key drivers at catchment and 

regional scales. 
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Chapter Six 

6 Conclusions 

The objective of this thesis was to quantify the nutrient concentration of the rivers draining the 

Southern Alps of New Zealand to establish water quality under baseline conditions. The empirical 

data collected from 71 sites, sampled every 3–6 months for a period of two years provided insight 

into the concentration and flux of phosphate phosphorous, ammoniacal nitrogen, nitrate nitrogen, 

dissolved inorganic carbon, dissolved organic carbon and silicon, from low disturbance alpine 

catchments.  

 

Nutrient concentrations in pristine New Zealand rivers are naturally low. The median 

concentrations over the whole study area showed median values of 32 µg N L-1 as nitrate,  

4 µg N L-1 as ammoniacal nitrogen, 1.0 µg P L-1 for phosphate phosphorus, 1.5 mg Si L-1 for 

silicon, and 4.1 and 1.8 mg C L-1 for dissolved inorganic and organic carbon, respectively. The 

phosphate phosphorous and ammoniacal nitrogen concentrations in New Zealand under baseline 

conditions are naturally low. After accounting for blank correction a high proportion of 

measurements were at, or below, the analytical detection limit.  However, the concentrations of 

phosphorus and ammonium that were detectable were consistent with previous reported values for 

phosphorus and ammonium in the Southern Alps, and these values are considered representative of 

low disturbance catchments in New Zealand. 

 

To assess if there was seasonal changes in the nutrient concentrations of the Southern Alps, the 

data was divided into seasons and tested using a Kruskal-Wallis Z-test. Analysis found that there 

was a significant difference between all of the nutrients across differing seasons, indicating that 

changes in the local climate regime of the Southern Alps had an effect on the nutrient 

concentrations. In particular, there were seasonal difference in nitrate nitrogen between summer, 

24.5 µg N L-1 and winter, 37.5 µg N L-1 as a result of dilution occurring in the period of increased 

runoff (summer) as well as increased uptake of nitrogen in summer. Dissolved inorganic carbon 

and silicon were both significantly higher during winter (4.6 and 1.8 mg L-1 respectively) as this 

was attributed to higher runoff and dilution during spring melt and summer. 

 

Conclusions 
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The flux of nutrient material exported from the Southern Alps was also quantified in this study. 

Overall, the Southern Alps of New Zealand export 92.6 kg N km-2 a-1 as nitrate, and  

15.28 kg N km-2 a-1 as ammoniacal nitrogen, 3.3 kg P km-2 a-1 of phosphate phosphorus,  

5.0 t Si km-2 a-1 of silicon and 14.1 and 7.5 t C km-2 a-1 of dissolved inorganic and organic carbon, 

respectively. These general trends in specific yield, are however, subject to strong spatial 

differences across the main divide.  For instance, specific yield of dissolved inorganic carbon, 

dissolved organic carbon, and nitrate nitrogen was higher from the western catchments; reflecting 

the response of the nutrients to the smaller catchment area and higher discharge rates on the west 

coast.  

 

Spatial variability was investigated as a two-fold approach. Firstly, the concentration and yield data 

was divided into two groups; catchments that drained to the west of the main divide and 

catchments that drained to the east. Each nutrient was assessed to determine if there was a 

significant difference between the west and east coast catchments; of which dissolved organic 

carbon, nitrate nitrogen and silicon were all significantly different, with dissolved organic carbon 

and nitrate nitrogen being higher on the west coast, and silicon higher on the east coast. Dissolved 

inorganic carbon concentrations were not significantly different across the Southern Alps, although 

the specific yield concentrations for dissolved inorganic carbon had lower yields on the east coast 

with a range 0.8 – 23.8 t km-2 a-1 on the west and 0.3 – 12.0 t km-2 a-1 on the east.  The data was 

also grouped by catchment area size, but none of the nutrients showed any relationship with 

catchment area. The second part of the spatial variability analysis involved clustering the data 

relative to the dominant geology, vegetation and soil type present within each catchment. A variety 

of significant differences were identified across each nutrient and each catchment variable, 

concluding that differing catchment characteristics also have an influence on nutrient 

concentrations.  

 

All of the nutrients, and their catchment specific concentrations were successfully predicted from a 

suite of catchment parameters derived from metadata and all of models were significant at the 95% 

confidence level. The silicon model had the strongest relationship with an r2 of 77.5%, and was 

deemed a ‘very good’ model using a set of validation statistics. For each nutrient the top eight most 

influential factors were identified. Dissolved inorganic carbon, dissolved organic carbon, and 

silicon were controlled by a range of factors including: catchment elevation, annual runoff, annual 

precipitation, phosphorous retention in the soil, soil pH, percentage of wetlands present, percentage 

of snow and ice etc., emphasising their response to land use and hydro-climatic factors, such as 

annual precipitation. The key predictors for the concentration of phosphate phosphorous, 

ammoniacal nitrogen and nitrate nitrogen were dominantly land use factors (e.g. snow and ice 

percentage, percentage of indigenous forest, tussock grassland percentage, gravel and bedrock 
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percentage, catchment gradient, mean annual discharge etc.); highlighting the sensitivity of these 

nutrients to anthropogenic changes in the landscape.  

 

Overall, the collection and analysis of the data quantified the nutrient concentration of the rivers 

draining the Southern Alps and their key drivers, as well as a measure of baseline water quality 

conditions. There is a paucity of data like this in New Zealand, and it has been identified there is a 

need for such information, particularly to assist in the decision-making process regarding water 

quality standards for monitoring purposes. In particular, there is potential to add some, if not all, of 

these sites to the existing National River Water Quality Network (NRWQN) to substantially 

improve the number of authentic reference sites.  The NRWQN has a longitudinal water quality 

record since 1989, but many of the sites that were deemed as ‘upstream’ or ‘reference’ sites are 

now under threat from encroaching intensive agriculture, and there is an urgent need to ensure the 

integrity of this dataset as it is the dataset on which management and threshold limits for water 

quality are set in New Zealand. Furthermore, this dataset would greatly benefit from increasing the 

scope of its variables measured, both in terms of detecting trends in anthropogenic pollutants, like 

heavy metals and pesticides, but also by considering other nutrients like carbon and silicon, which 

are essential for ecosystem function and vulnerable to changes in the landscape. 
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Appendix 1 
 
Table A1.1: Sample number, name and location in units of NZ Transverse Mercator, and the median nutrient 
concentrations for each analyte used in this study. 1 indicates an upstream sampling site and 2 indicates a 
downstream sampling site. DOC, DIC and DSi are in elemental units of mg L-1, NH4, NO3, PO4 are in 
elemental units of µg L-1.  13C is in delta notation and units of parts per thousand. 

West Coast 

No. Name Northing Easting DOC DIC 13C NH4 NO3 PO4 DSi 
           
8 Haast1 5113310 1310757 1.8 3.4 -5.8 2 16 – 1.1 
8a Pyke 5114171 1257552 1.9 3.7 -9.2 3 34 1 0.9 
9 Arawhata 5120684 1262914 2.2 4.0 -7.9 5 21 1 0.8 
10 Waiatoto 5129793 1276001 2.1 2.6 -12.5 4 37 – 0.8 
11 Okuru 5144113 1288007 3.3 2.6 -12.9 5 25 – 1.6 
12a Haast2 5152743 1299283 1.8 2.0 -10.0 12 32 2 1.0 
13 Waita 5154257 1317230 1.6 3.5 -8.9 5 9 – 1.6 
14 Moeraki2 5162564 1324677 1.9 3.3 -9.1 5 1 

 
1.9 

14a Moeraki1 5170207 1331907 1.6 3.1 -8.3 5 13 1 1.5 
15 Paringa 5170567 1341794 1.7 3.9 -6.3 5 40 – 1.0 
16 Mahitahi 5180327 1349547 1.5 2.7 -1.5 2 53 1 2.2 
17 Makawhio 5179278 1354749 1.8 5.4 -6.6 6 31 – 1.3 
18 Karangarua 5181794 1357994 2.4 6.4 -7.9 1 32 – 0.4 
19 Ohinetamatea 5185694 1362948 1.7 5.8 -3.0 4 11 – 1.2 
20 Cook 5190091 1364884 1.7 4.6 -3.8 4 43 1 1.5 
21 Fox Glacier 5191897 1371799 2.3 4.7 -6.6 7 45 2 0.6 
22 Waikukupa 5207204 1375354 2.9 2.5 -7.3 2 47 2 1.0 
23 Omoeroa 5204275 1381507 1.9 4.1 -3.4 1 45 1 1.7 
24 Waiho 5203389 1390170 1.9 4.5 -11.4 8 47 2 1.4 
25 Okarito 5225858 1393208 2.2 5.5 -9.5 4 23 – 1.6 
26 Waitangitaona 5219194 1406920 2.3 4.7 -5.8 2 50 1 1.8 
27 Whataroa 5239080 1411080 2.2 5.1 -7.6 2 40 2 1.8 
28 Poerua 5246852 1417873 2.0 4.9 -9.3 2 111 2 1.9 
29 Wanganui 5248069 1425814 1.8 2.6 -5.9 6 52 2 1.6 
30 Waitaha 5251239 1432454 2.2 4.0 -4.8 3 117 2 1.8 
31 Mikonui 5255540 1438105 1.7 3.3 -9.6 4 50 1 1.9 
32 Totara 5269170 1442452 1.9 3.7 -8.1 1 20 – 2.4 
33 Hokitika 5300777 1462168 2.6 3.1 -10.6 6 56 3 1.0 
34 Kokatahi 5337108 1462708 3.2 6.6 -8.9 2 103 4 1.4 
35 Arahura 5335059 1462279 2.4 4.4 -9.3 3 59 3 1.4 
36 Grey 5266958 1478203 1.6 4.3 -8.2 6 108 – 2.4 
37 Porarari 5261846 1485754 1.4 3.1 -9.3 5 63 1 1.9 
38 Punakaiki 5338340 1468837 1.4 3.3 -9.5 3 54 1 2.0 
40 Taramakau 5239079 1411083 1.6 4.8 -5.3 4 66 2 2.5 
41 Otira 5238390 1436751 1.0 5.9 -8.4 – 46 1 2.4 
58 Bullock 5128502 1302064 1.6 5.3 -8.0 2 10 1 1.4 
64 Kakapotahi 5148039 1304091 1.3 2.3 -6.5 12 33 1 1.2 
70 Hokitika1 5113316 1310768 1.3 2.5 -3.8 4 42 5 0.8 
           
 

 

Continued over . . . 
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East Coast 

 

No. Name Northing Easting DOC DIC 13C NH4 NO3 PO4 DSi 
           

1 Greenstone 5013718 1232731 2.0 2.9 -5.8 3 6 0 1.8 
2 Dart 5031585 1230166 2.4 3.8 -8.9 6 18 1 0.8 
3 Rees 5032047 1236988 2.3 4.4 -5.8 9 8 2 1.2 

3a Rees1 5042916 1240234 1.6 3.8 
 

5 10 1 1.1 
4 Shotover 5009524 1258679 2.5 5.3 -4.0 6 10 1 1.0 
5 Matukituki2 5059497 1273957 2.5 5.7 -8.2 6 50 0 0.8 
6 Camerons 5104031 1304156 1.9 3.0 -2.7 1 14 0 1.4 
7 Makarora1 5106749 1306924 2.0 4.1 -4.6 1 16 1 1.4 

7b Makarora2 5092352 1296354 1.7 4.6 
 

9 33 3 1.2 
42 Waimakariri 5237856 1497904 1.6 3.4 -7.3 5 37 2 2.4 
43 Wilberforce 5209359 1468752 1.3 4.3 -7.4 4 37 2 2.1 
44 Rakaia2 5180726 1491541 1.4 4.8 -5.9 8 54 1 1.8 
45 Ashburton-North 5170865 1481527 1.6 4.6 -2.2 5 13 1 2.4 
46 Ashburton-South 5165575 1460554 1.8 4.1 -7.3 4 86 1 2.9 
47 Cameron 5187645 1449303 1.2 3.6 -4.4 5 15 2 2.1 
48 Rangitata 5152758 1457772 1.2 3.5 -6.0 2 37 1 2.3 
49 Macaulay 5156207 1404679 1.1 3.3 -4.3 1 5 1 2.0 
50 Tasman1 5155270 1370429 1.4 3.9 -9.0 6 21 2 0.5 

50b Tasman2 5139087 1371863 1.1 4.9 -7.9 9 11 2 1.3 
51 Hooker 5152949 1368703 1.2 3.9 -6.2 3 21 2 0.6 
52 Birch-Hill 5146038 1367834 1.2 3.5 -4.9 8 52 1 1.4 
53 Bush 5139482 1367402 1.1 3.5 -2.4 6 14 2 1.3 
54 Temple 5110487 1346616 1.3 3.6 -3.9 3 11 1 2.2 
55 Ahuriri 5071452 1360429 1.6 3.4 -7.0 4 24 2 2.3 
60 Route Burn 5037559 1225698 1.1 2.4 -6.7 4 12 1 1.1 
61 Arrow 5015544 1271209 2.3 7.5 -4.2 7 1 2 1.9 
62 Cardrona1 5016751 1282022 2.4 7.2 -6.0 8 5 2 2.5 
63 Matukituki1 5062729 1261575 1.8 5.5 -5.1 0 14 1 0.7 
65 Harper 5213915 1475372 1.1 4.8 -7.5 5 32 3 2.6 
66 Rakaia1 5203454 1468189 1.6 4.8 -9.7 2 39 1 2.4 
67 Cass 5139054 1396190 0.8 3.9 -6.9 12 32 2 2.1 
68 Jollie 5139654 1373040 0.7 2.7 -4.5 6 24 3 2.2 
69 Dobson 5115674 1351313 1.0 4.0 

 
5 37 1 2.2 
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Appendix 2 
Table A2.1: NZ Soil Classification (NZSC) categories extracted from the New Zealand Land Inventory 
database (Landcare Research, 2010) for the Southern Alps.  The percentage cover of each soil type in each 
catchment was determined using ArcGIS (v 10.1) and these percentages were then used as input variables 
into cluster analysis to derive soil clusters. Nomenclature for NZSC is taken from Hewitt (1998). 

 

NZSC code Description NZSC code Description 
Anthropic Soils 
AFST Stony-tailings Fill Anthropic Soils   
Brown Soils 
BAM Mottled Acid Brown Soils BAO Peaty Acid Brown Soils 
BAP Placic Acid Brown Soils BAT Typic Acid Brown Soils 
BFM Mottled Firm Brown Soils BFT Typic Firm Brown Soils 
BLA Acidic Allophanic Brown Soils BLAD Acidic-pedal Allophanic Brown Soils 
BMG Magnesic Mafic Brown Soils BOA Acidic Orthic Brown Soils 
BOH Humose Orthic Brown Soils BOI Immature Orthic Brown Soils 
BOM Mottled Orthic Brown Soils BOP Pallic Orthic Brown Soils 
BOT Typic Orthic Brown Soils BSA Acidic Sandy Brown Soils 
Gley Soils 
GAT Typic Acid Gley Soils GOT Typic Orthic Gley Soils 
GRT Typic Recent Gley Soils   
Organic Soils 
OHM Mellow Humic Organic Soils OMA Acid Mesic Organic Soils 
Oxidic Soils 
XNT Typic Nodular Oxidic Soils XOB Brown Orthic Oxidic Soils 
XOM Mottled Orthic Oxidic Soils XOT Typic Orthic Oxidic Soils 
XPN Nodular Perch-gley Oxidic Soils XPT Typic Perch-gley Oxidic Soils 
Pallic Soils 
PID Pedal Immature Pallic Soils PIT Typic Immature Pallic Soils 
PJA Aged Argillic Pallic Soils PJT Typic Argillic Pallic Soils 
PLT Typic Laminar Pallic Soils PXCN Calcareous-sodic Fragic Pallic Soils 
Podzols 
ZOH Humose Orthic Podzols ZOT Typic Orthic Podzols 
ZPOZ Peaty-silt-mantled Perch-gley Podzols ZPP Placic Perch-gley Podzols 
ZPT Typic Perch-gley Podzols ZPU Humus-pan Perch-gley Podzols 
    
 

 

 

 

 

Continued over . . . 
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NZSC code Description NZSC code Description 
    
ZPZ Silt-mantled Perch-gley Podzols ZXP Placic Pan Podzols 
ZXQ Ortstein Pan Podzols   
Raw Soils 
WO Orthic Raw Soils WX Rocky Raw Soils 
Recent Soils 
RFAW Acid-weathered Fluvial Recent Soils RFMA Mottled-acidic Fluvial Recent Soils 
RFT Typic Fluvial Recent Soils RFW Weathered Fluvial Recent Soils 
ROAW Acid-weathered Orthic Recent Soils ROT Typic Orthic Recent Soils 
ROW Weathered Orthic Recent Soils RST Typic Sandy Recent Soils 
Semiarid Soils 
SIT Typic Immature Semiarid Soils   
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Figure A2.1: Hierarchical Cluster Analysis to determine soil type clusters for Southern Alps catchments 
using the NZSC data layer from the New Zealand Land Inventory database layer. Clusters were identified 
using Ward’s linkage with squared Euclidean distance. 
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Table A2.2: Cluster Analysis output for soil types, detailing which catchments belong to which soil type 
cluster. 

 

Soil 
Cluster 

Count 
(n) 

Description Sites 

Cluster 1 13 

36% Acidic and typic allophanic 
brown soils, 12% Rocky raw soils, 
10% Acidic allophanic brown soils, 
6% Orthic raw soil 

Greenstone (1), Rakaia-Gorge (44), Ashburton-
North (45), Ashburton-South (46), Cameron 
(47), Rangitata (48), Macaulay (49), Temple 
(54), Ahuriri (55), Rakaia-Upper (66), Cass 
(67), Jollie (68), Dobson (69) 
 

Cluster 2 7 

19% Humose orthic podzols, 18% 
Acidic-pedal allophanic brown 
soils, 12% Typic orthic podzols, 
9% Placic acid brown soils 

Waita (13), Okarito (25), Arahura (35), Grey 
(36), Porarari (37), Punakaiki (38), Bullock 
(58) 
 

Cluster 3 32 

26% Typic orthic podzols, 26% 
Typic perch-gley podzols, 13% 
Rocky raw soil, 6% Ice  

Dart (2), Rees (3), Rees-Upper (3a), Matukituki 
(5), Makarora (7), Haast-Fantail-Falls (8), 
Arawhata (9), Waiatoto (10), Okuru 
 (11), Haast-Roaring-Billy (12), Moeraki (14), 
Moeraki-Upper (14a), Paringa (15), Mahitahi 
(16), Makawhio (17), Karangarua (18), 
Ohinetamatea (19), Cook (20), Waikukupa 
(22), Omoeroa (23), Waitangitaona (26), 
Whataroa (27), Poerua (28), Wanganui (29), 
Waitaha (30), Mikonui (31), Hokitika (33), 
Kokatahi (34), Matukituki-Upper (63), 
Kakapotahi (34), Hokitika-Upper (70), 
Makarora-Lower (7b) 
 

Cluster 4 3 
45% Acidic orthic brown soils, 
14% Mottled acid brown soils, 12% 
Pedal immature pallic soils 

Shotover (4), Arrow (61), Cardrona-Upper 
(62), 

Cluster 5 9 

40% Typic orthic podzols, 16% 
Mottled acid brown soils, 10% 
Rocky raw soils 

Totara (32), Taramakau (40), Otira (41), 
Waimakariri (42), Wilberforce (43), Birch-Hill 
(52), Hopkins (59), Route Burn (60), Harper 
(65) 
 

Cluster 6 8 
32% Rocky raw soils, 32% Ice, 
12% Typic orthic podzols 

Camerons (6), Pyke (8a), Fox-Glacier (21), 
Waiho (24), Tasman (50), Tasman-Lower 
(50b), Hooker (51), Bush (53) 
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Table A2.3: Geology categories extracted from the New Zealand Land Inventory database (Landcare 
Research, 2010) for the Southern Alps.  The percentage cover of each rock type in each catchment was 
determined using ArcGIS (v 10.1) and these percentages were then used as input variables into cluster 
analysis to derive geology clusters. 

Item code Rock type class 
Item 

code 
Rock type class 

Surficial Rock Types 

Al 
Alluvium, colluvium, glacial 

drift 
Wb Windblown sand 

Lo Loess Pt Peat 

Sedimentary Rock Types: weakly indurated 

Ms Mudstone Ss Sandstone 

Cw Conglomerate   

Sedimentary Rock Types: strongly indurated 

Ar Argillite Hs Sandstone 

Gw Greywacke Cg Conglomerate 

Ls Limestone   

Igneous Rock Types 

Gn Plutonics Um Ultramafics 

Metamorphic Rock Types 

St1 Semi-schist St2 Schist 

Gs Gneiss Ma Marble 

Other values 

estu estuary ice icefield 

lake lake rive river 
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Figure A2.2: Hierarchical Cluster Analysis to determine geology clusters for Southern Alps catchments 
using the toprock data layer from the New Zealand Land Inventory database layer. Clusters were identified 
using Ward’s linkage with squared Euclidean distance. 
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Table A2.4: Cluster Analysis output for geology, detailing which catchments belong to which geology 
cluster. 

Geology 
Cluster 

Count 
(n) 

Description Sites 

Cluster 1 23 

59% Greywacke, 23% 
alluvium, 4% semi-schist  

Greenstone (1), Rakaia-Gorge (44), Ashburton-North 
(45), Ashburton-South (46), Cameron (47), Rangitata 
(48), Macaulay (49), Temple (54), Ahuriri (55), Rakaia-
Upper (66), Cass (67), Jollie (68), Dobson (69), 
Punakaiki (38), Totara (32), Taramakau (40), Otira (41), 
Waimakariri (42), Wilberforce (43), Birch-Hill (52), 
Route Burn (60), Harper (65), Bush (53) 

Cluster 2 5 
40% alluvium, 17% 
schist, 17% semi-schist, 
6% greywacke 

Waita (13), Okarito (25), Arahura (35), Grey (36), 
Hopkins (59) 

Cluster 3 26 

57% schist, 19% 
alluvium, 7% ice 

Dart (2), Makarora (7), Arawhata (9), Waiatoto (10), 
Okuru (11), Haast-Roaring-Billy (12), Moeraki (14), 
Moeraki-Upper (14a), Paringa (15), Mahitahi (16), 
Makawhio (17), Karangarua (18), Ohinetamatea (19), 
Cook (20), Omoeroa (23), Waitangitaona (26), 
Whataroa (27), Poerua (28), Wanganui (29), Waitaha 
(30), Mikonui (31), Hokitika (33), Kokatahi (34), 
Kakapotahi (64), Hokitika-Upper (70), Pyke (8a) 

Cluster 4 11 

87% schist, 5% alluvium, 
5% permanent snow and 
ice 

Rees (3), Rees-Upper (3a), Matukituki (5), Haast-
Fantail-Falls (8), Waikukupa (22), Matukituki-Upper 
(63), Makarora-Lower (7b), Shotover (4), Arrow (61), 
Cardrona-Upper (62), Camerons (6) 

Cluster 5 2 
26% limestone, 23% 
gneiss, 21% mudstone, 
14% conglomerate  

Bullock (58), Porarari (37), 

Cluster 6 5 

45% permanent snow 
and ice, 23% greywacke, 
15% schist, 10% 
alluvium  

Fox- Glacier (21), Hooker (51), Tasman (50), Tasman-
Lower (50b), Waiho (24) 
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Table A2.5: Land cover categories extracted from the Land Cover database (v.4.1) (Landcare Research, 
2015) for the Southern Alps derived from supervised classification of 2-12 aerial photography.  The 
percentage cover of each vegetation type in each catchment was determined using ArcGIS (v 10.1) and these 
percentages were then used as input variables into cluster analysis to derive vegetation clusters. 

Class Name  Class Description  
Sand or Gravel  Bare surfaces dominated by unconsolidated materials 
Snow and Ice  Areas where ice and snow persists through late summer. Typically occurring 

above 1800 m but also at lower elevations as glaciers.  
Gravel or Rock  Bare surfaces dominated by unconsolidated or consolidated materials generally 

coarser than coarse gravel (60 mm).  
Alpine 
Grass/Herbfield  

Sparse communities above the actual or theoretical treeline dominated by 
herbaceous cushion, mat, turf, and rosette plants and lichens. Grasses are a minor 
or infrequent component, whereas stones, boulders and bare rock are usually 
conspicuous.  

High Producing 
Exotic Grassland  

Exotic sward grassland of good pastoral quality and vigour reflecting relatively 
high soil fertility and intensive grazing management. Clover species, ryegrass and 
cocksfoot dominate with lucerne and plantain locally important, but also 
including lower-producing grasses exhibiting vigour in areas of good soil 
moisture and fertility.  

Low Producing 
Grassland  

Exotic sward grassland and indigenous short tussock grassland of poor pastoral 
quality reflecting lower soil fertility and extensive grazing management or non-
agricultural use. Browntop, sweet vernal, danthonia, fescue and Yorkshire fog 
dominate, with indigenous short tussocks (hard tussock, blue tussock and silver 
tussock) common in the eastern South Island and locally elsewhere.  

Tall Tussock 
Grassland  

Indigenous snow tussocks in mainly alpine mountain-lands and locally in poorly-
drained valley floors, terraces and basins.  

Herbaceous 
Freshwater 
Vegetation  

Herbaceous wetland communities occurring in freshwater habitats where the 
water table is above or just below the substrate surface for most of the year. The 
class includes rush, sedge, restiad, and sphagnum communities and other wetland 
species.  

Herbaceous Saline 
Vegetation  

Herbaceous wetland communities occurring in saline habitats subject to tidal 
inundation or saltwater intrusion. Commonly includes club rush, wire rush and 
glasswort.  

Flaxland  Areas dominated by New Zealand flax usually swamp flax (harakeke) in damp 
sites but occasionally mountain flax (wharariki) on cliffs and mountain slopes.  

Fernland  Bracken fern, umbrella fern, or ring fern, commonly on sites with low fertility and 
a history of burning. Manuka, gorse, and/or other shrubs are often a component of 
these communities. 

Gorse and/or 
Broom  

Scrub communities dominated by gorse or Scotch broom generally occurring on 
sites of low fertility, often with a history of fire, and insufficient grazing pressure 
to control spread.  

Manuka and/or 
Kanuka  

Scrub dominated by mānuka and/or kānuka, typically as a successional 
community in a reversion toward forest. Mānuka has a wider ecological tolerance 
and distribution than kānuka.  

Broadleaved 
Indigenous 
Hardwoods  

Lowland scrub communities dominated by indigenous mixed broadleaved shrubs 
such as wineberry, mahoe, five-finger, Pittosporum spp, fuchsia, tutu, titoki and 
tree ferns.  

Sub Alpine 
Shrubland  

Highland scrub dominated by indigenous low-growing shrubs including species 
of Hebe, Dracophyllum, Olearia, and Cassinia. Predominantly occurring above 
the actual or theoretical treeline. 

Depleted Grassland  Areas, of mainly former short tussock grassland in the drier eastern South Island 
high country, degraded by over-grazing, fire, rabbits and weed invasion among 
which Hieracium species are conspicuous. Short tussocks usually occur, as do 
exotic grasses, but bare ground is more prominent.  
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Figure A2.3: Hierarchical Cluster Analysis to determine vegetation type clusters for Southern Alps 
catchments using the lcdb v4.1 data layer from the New Zealand Land Inventory database layer. Clusters 
were identified using Ward’s linkage with squared Euclidean distance. 
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Table A2.6: Cluster Analysis output for vegetation land cover, detailing which catchments belong to which 
vegetation cluster. 

 

Vegetation 
Cluster 

Count 
(n) 

Description Sites 

Cluster 1 14 

31% indigenous forest, 21% 
alpine Grass herbfield and sub 
alpine shrubland 20% tall 
tussock grassland, 17% gravel 
or rock, 7% permanent snow 
and ice 

Greenstone (1), Otira (41), Waimakariri (42), 
Birch-Hill (53), Route Burn (60), Hopkins (59), 
Dart (2), Waiatoto (10), Karangarua (18), Cook 
(20), Whataroa (27), Wanganui (29), Hokitika-
Upper (70), Matukituki-Upper (63) 

Cluster 2 10 

50% tall tussock grassland, 
14% grazed tussock, 9% gravel 
or rock, 9% indigenous forest, 
5% pasture, 4% permanent 
snow and ice 

Ashburton-South (46), Ahuriri (55), Pyke (8a), 
Rees (3), Rees-Upper (3a), Matukituki (5), 
Shotover (4), Arrow (61), Cardrona-Upper (62), 
Camerons (6) 

Cluster 3 17 

46% indigenous forest, 20% 
tall tussock grassland, 12% sub 
alpine shrubland, 5% pasture 

Taramakau (40), Arahura (35), Makarora (7), 
Arawhata (9), Okuru (11) Haast-Roaring-Billy 
(12), Paringa (15), Mahitahi (16), Makawhio (17), 
Waitangitaona (26), Poerua (28), Waitaha (30), 
Hokitika (33), Kokatahi (34), Haast-Fantail-Falls 
(8), Waikukupa (22), Makarora-Lower (7b) 

Cluster 4 13 

78% indigenous forest, 5% tall 
tussock grassland, 6% sub 
alpine shrubland 

Punakaiki (38), Totara (32), Waita (13), Okarito 
(25), Grey (36), Moeraki (14), Moeraki-Upper 
(14a), Ohinetamatea (19), Omoeroa (23), Mikonui 
(31), Kakapotahi (64), Porarari (37), Bullock (58) 

Cluster 5 5 

39% permanent snow and ice, 
32% gravel or rock, 11% 
alpine grass herbfield and sub 
alpine shrubland, 8% tall 
tussock grassland 

Fox (21), Waiho (24), Tasman (50), Tasman – 
Lower (50b), Hooker (51) 

Cluster 6 13 

37% gravel or rock, 27% tall 
tussock grassland, 11% alpine 
grass herbfield and sub alpine 
shrubland, 10% grazed 
tussock, 7% indigenous forest  

Rakaia-Gorge (44), Ashburton-North (45), 
Cameron (47), Rangitata (48), Macaulay (49), 
Temple (54), Rakaia-Upper (66), Cass (67), Jollie 
(68), Dobson (69), Wilberforce (43), Harper (65), 
Bush (53) 
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Appendix 3 

 
Figure A3.1: Time series of discharge (m3 s-1) for Arawhata River for 2012–2014 and sample collection 
concentrations for a) nitrate nitrogen b) dissolved organic carbon, dissolved inorganic carbon and silica and 
c) phosphorus and ammoniacal nitrogen. Discharge data provided by NIWA. 

 

 
Figure A3.2: Time series of discharge (m3 s-1) for Ashburton North Branch River for 2012–2014 and sample 
collection concentrations for a) nitrate nitrogen b) dissolved organic carbon, dissolved inorganic carbon and 
silica and c) phosphorus and ammoniacal nitrogen. Discharge data provided by Environment Canterbury. 
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Figure A3.3: Time series of discharge (m3 s-1) for Ashburton South Branch River for 2012–2014 and sample 
collection concentrations for a) nitrate nitrogen b) dissolved organic carbon, dissolved inorganic carbon and 
silica and c) phosphorus and ammoniacal nitrogen. Discharge data provided by Environment Canterbury. 

 

 
Figure A3.4: Time series of discharge (m3 s-1) for the Dart River for 2012–2014 and sample collection 
concentrations for a) nitrate nitrogen b) dissolved organic carbon, dissolved inorganic carbon and silica and 
c) phosphorus and ammoniacal nitrogen. Discharge data provided by Otago Regional Council. 
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Figure A3.5: Time series of discharge (m3 s-1) for the Grey River for 2012–2014 and sample collection 
concentrations for a) nitrate nitrogen b) dissolved organic carbon, dissolved inorganic carbon and silica and 
c) phosphorus and ammoniacal nitrogen. Discharge data provided by NIWA. 

 

 
Figure A3.6: Time series of discharge (m3 s-1) for the Haast River for 2012–2014 and sample collection 
concentrations for a) nitrate nitrogen b) dissolved organic carbon, dissolved inorganic carbon and silica and 
c) phosphorus and ammoniacal nitrogen. Discharge data provided by NIWA. 
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Figure A3.7: Time series of discharge (m3 s-1) for the Hokitika River for 2012–2014 and sample collection 
concentrations for a) nitrate nitrogen b) dissolved organic carbon, dissolved inorganic carbon and silica and 
c) phosphorus and ammoniacal nitrogen. Discharge data provided by NIWA. 

 

 
Figure A3.8: Time series of discharge (m3 s-1) for the Matukituki River for 2012–2014 and sample collection 
concentrations for a) nitrate nitrogen b) dissolved organic carbon, dissolved inorganic carbon and silica and 
c) phosphorus and ammoniacal nitrogen. Discharge data provided by NIWA. 
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Figure A3.9: Time series of discharge (m3 s-1) for the Rangitata River for 2012–2014 and sample collection 
concentrations for a) nitrate nitrogen b) dissolved organic carbon, dissolved inorganic carbon and silica and 
c) phosphorus and ammoniacal nitrogen. Discharge data provided by Environment Canterbury. 

 
 

 
Figure A3.10: Time series of discharge (m3 s-1) for the Shotover River for 2012–2014 and sample collection 
concentrations for a) nitrate nitrogen b) dissolved organic carbon, dissolved inorganic carbon and silica and 
c) phosphorus and ammoniacal nitrogen. Discharge data provided by NIWA. 

 



 160 

 
Figure A3.11: Time series of discharge (m3 s-1) for the Whataroa River for 2012–2014 and sample collection 
concentrations for a) nitrate nitrogen b) dissolved organic carbon, dissolved inorganic carbon and silica and 
c) phosphorus and ammoniacal nitrogen. Discharge data provided by NIWA. 
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Table A3.1: Comparison of discharge weighted concentration to using a median weighted concentration on 
specific yield estimations for nitrate nitrogen, ammoniacal nitrogen and phosphorus. 

Nitrate nitrogen 

Discharge 
Weighted 

Conc.  
(µg N/L) 

Median 
Conc. 

(µg N/L) 

Specific 
Yield1  

(t km-2 a-1) 

Specific 
Yield2  

(t km-2 a-1) 
Yield Diff.  
(t km-2 a-1) 

Diff. 
(%) 

Arawhata 22 21 0.158 0.136 0.021 16% 
Ashburton North 14 14 0.010 0.012 -0.002 15% 
Ashburton South 91 86 0.046 0.059 -0.012 21% 
Dart 17 18 0.070 0.074 -0.004 5% 
Grey 109 127 0.330 0.409 -0.079 19% 
Haast 31 30 0.173 0.175 -0.002 1% 
Hokitika 65 56 0.296 0.262 0.034 13% 
Shotover 11 10 0.013 0.014 -0.001 6% 
Rangitata 28 37 0.049 0.064 -0.015 23% 
Matukituki 38 51 0.150 0.203 -0.053 26% 
Whataroa 24 40 0.161 0.269 -0.107 40% 

     
-0.020 17% 

       

Ammoniacal 
nitrogen 

Discharge 
Weighted 

Conc.  
(µg N/L) 

Median 
Conc. 

(µg N/L) 

Specific 
Yield1  

(t km-2 a-1) 

Specific 
Yield2  

(t km-2 a-1) 
Yield Diff. 
(t km-2 a-1) 

Diff. 
(%) 

Arawhata 5 5 0.036 0.032 0.004 12% 
Ashburton North 6 5 0.005 0.004 0.001 24% 
Ashburton South 5 4 0.003 0.002 0.000 16% 
Dart 14 6 0.061 0.023 0.038 167% 
Grey 4 6 0.011 0.019 -0.008 41% 
Haast 4 4 0.023 0.023 0.000 0% 
Hokitika 14 6 0.063 0.028 0.034 121% 
Shotover 7 6 0.008 0.009 0.000 3% 
Rangitata 4 5 0.007 0.009 -0.002 23% 
Matukituki 9 4 0.035 0.014 0.021 147% 
Whataroa 2 3 0.016 0.017 -0.001 8% 

     
0.008 51% 

       

Phosphorus 

Discharge 
Weighted 
Conc. (µg 

P/L) 

Median 
Conc. 

(µg P/L) 

Specific 
Yield1  

(t km-2 a-1) 

Specific 
Yield2  

(t km-2 a-1) 
Yield Diff. 
(t km-2 a-1) 

Diff. 
(%) 

Arawhata 0.2 0.5 0.001 0.003 -0.002 63% 
Ashburton North 6.5 4.5 0.005 0.004 0.001 24% 
Ashburton South 0.1 1.0 0.000 0.001 -0.001 89% 
Dart 0.1 1.0 0.000 0.004 -0.004 89% 
Grey 0.1 0.0 0.000 0.000 0.000 

 Haast 0.1 0.5 0.001 0.003 -0.002 78% 
Hokitika 0.1 3.0 0.000 0.014 -0.014 97% 
Shotover 0.2 0.5 0.000 0.001 0.000 60% 
Rangitata 0.1 2.0 0.000 0.003 -0.003 93% 
Matukituki 0.2 0.0 0.001 0.000 0.001 

 Whataroa 0.2 2.0 0.001 0.014 -0.012 90% 

     
-0.003 76% 
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Table A3.2: Comparison of discharge weighted concentration to using a median weighted concentration on 
specific yield estimations for silica, dissolved organic carbon, and dissolved inorganic carbon. 

Silica 

Discharge 
Weighted 

Conc.  
(mg Si/L) 

Median 
Conc.  

(mg Si/L) 

Specific 
Yield1  

(t km-2 a-1) 

Specific 
Yield2  

(t km-2 a-1) 
Yield Diff.  
(t km-2 a-1) 

Diff. 
(%) 

Arawhata 0.6 0.9 4.4 5.8 -1.4 24% 
Ashburton North 2.1 2.4 1.5 2.0 -0.5 24% 
Ashburton South 2.8 2.9 1.4 2.0 -0.6 29% 
Dart 0.6 0.8 2.7 3.3 -0.6 20% 
Grey 0.9 1.0 2.8 3.2 -0.4 12% 
Haast 1.4 1.4 7.8 8.2 -0.4 5% 
Hokitika 1.2 1.8 5.2 8.5 -3.3 39% 
Shotover 1.0 1.0 1.2 1.4 -0.3 18% 
Rangitata 1.8 2.4 3.1 4.1 -1.0 24% 
Matukituki 0.7 0.8 2.9 3.2 -0.3 10% 
Whataroa 0.8 1.4 5.4 9.5 -4.1 43% 

     
-1.1 22% 

       

Dissolved Organic 
Carbon 

Discharge 
Weighted 
Conc.  
(mg C/L) 

Median 
Conc.  
(mg C/L) 

Specific 
Yield1  
(t km-2 a-1) 

Specific 
Yield2  
(t km-2 a-1) 

Yield Diff. 
(t km-2 a-1) 

Diff. 
(%) 

Arawhata 2.29 1.95 16.67 12.66 4.014 32% 
Ashburton North 1.49 1.60 1.08 1.34 -0.261 20% 
Ashburton South 2.08 1.80 1.06 1.23 -0.174 14% 
Dart 2.48 2.35 10.57 9.70 0.862 9% 
Grey 2.45 2.60 7.44 8.38 -0.940 11% 
Haast 2.37 2.20 13.42 12.85 0.573 4% 
Hokitika 2.40 2.15 10.85 10.14 0.710 7% 
Shotover 2.63 2.45 3.05 3.49 -0.442 13% 
Rangitata 1.38 1.60 2.41 2.79 -0.375 13% 
Matukituki 2.78 2.55 10.94 10.27 0.673 7% 
Whataroa 2.25 1.90 15.41 12.92 2.490 19% 

     
0.791 14% 

       
       

Dissolved 
Inorganic Carbon 

Discharge 
Weighted 
Conc.  
(mg C/L) 

Median 
Conc. (mg 
C/L) 

Specific 
Yield1  
(t km-2 a-1) 

Specific 
Yield2  
(t km-2 a-1) 

Yield Diff. 
(t km-2 a-1) 

Diff. 
(%) 

Arawhata 3.3 3.7 24.0 23.7 0.348 1% 
Ashburton North 4.1 4.6 3.0 3.8 -0.848 22% 
Ashburton South 3.9 4.1 2.0 2.8 -0.795 28% 
Dart 3.6 3.8 15.2 15.7 -0.468 3% 
Grey 2.4 3.1 7.3 10.0 -2.712 27% 
Haast 5.1 5.4 28.9 31.2 -2.360 8% 
Hokitika 3.1 4.0 14.1 18.9 -4.723 25% 
Shotover 5.5 5.4 6.4 7.6 -1.202 16% 
Rangitata 2.8 3.4 4.9 5.9 -1.051 18% 
Matukituki 5.0 6.1 19.5 24.4 -4.847 20% 
Whataroa 1.9 3.0 12.9 20.1 -7.141 36% 

     
-2.223 19% 
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Appendix 4 
Table A4.1: Calculated stoichiometric ratios (calculated in mol L-1 units) for the Southern Alps, where 1 is 
an upstream site and two is a downstream site. 

No. Name Northing Easting OC:N OC:IC N:P C:Si C:N Si:N C:Si:N 
West Coast 
35 Arahura 5269170 1442452 36 1.8 43 28 97 16 5 
9 Arawhata 5114171 1257552 95 1.8 41 76 222 14 13 
58 Bullock 5338340 1468837 18 2.4 159 32 61 9 10 
20 Cook 5179278 1354749 54 2.6 62 65 170 10 20 
21 Fox Glacier 5181794 1357994 50 3.1 60 200 176 5 31 
36 Grey 5300777 1462168 25 1.1 203 76 46 6 8 
8 Haast1 5113310 1310757 133 1.8 73 56 311 21 10 
12a Haast2 5128502 1302064 41 3.6 41 42 190 18 11 
33 Hokitika2 5251239 1432454 28 1.7 42 39 91 11 9 
70 Hokitika1 5238390 1436751 26 5.7 20 18 177 26 7 
64 Kakapotahi 5239079 1411083 43 2.7 55 21 186 29 6 
18 Karangarua 5170567 1341794 54 1.8 28 48 200 16 17 
34 Kokatahi 5255540 1438105 15 2.2 70 33 48 8 5 
16 Mahitahi 5162564 1324677 34 1.7 68 38 130 14 7 
17 Makawhio 5170207 1331907 39 2.2 56 34 166 18 9 
31 Mikonui 5246852 1417873 30 2.2 103 37 126 15 7 
14 Moeraki2 5152743 1299283 220 1.1 20 75 437 25 9 
14a Moeraki1 5148039 1304091 72 1.7 53 29 203 27 10 
19 Ohinetamatea 5180327 1349547 138 1.8 47 22 305 60 5 
25 Okarito 5207204 1375354 78 0.9 125 89 143 17 7 
11 Okuru 5129793 1276001 79 1.3 33 73 154 11 7 
23 Omoeroa 5190091 1364884 50 2.4 59 48 177 17 10 
41 Otira 5261846 1485754 36 2.2 99 26 117 19 6 
15 Paringa 5154257 1317230 42 2.0 41 29 124 18 8 
28 Poerua 5225858 1393208 24 2.4 107 59 94 7 12 
37 Porarari 5337108 1462708 53 2.2 48 76 208 7 16 
38 Punakaiki 5335059 1462279 44 2.3 75 48 125 12 15 
8a Pyke 5113316 1310768 41 1.9 97 55 170 7 17 
40 Taramakau 5266958 1478203 27 2.9 54 23 105 17 6 
32 Totara 5248069 1425814 59 1.6 54 28 166 32 4 
63 Turnbull 5122780 1275484 120 3.1 44 81 472 21 20 
10 Waiatoto 5120684 1262914 57 2.0 83 76 174 9 15 
24 Waiho 5191897 1371799 56 1.9 62 130 196 6 30 
22 Waikukupa 5185694 1362948 40 3.4 61 54 172 13 14 
13 Waita 5144113 1288007 287 0.7 27 82 443 42 7 
30 Waitaha 5239080 1411080 24 2.8 95 39 84 7 19 
26 Waitangitaona 5204275 1381507 39 2.1 67 44 143 13 10 
29 Wanganui 5219194 1406920 53 2.1 28 37 161 13 10 
27 Whataroa 5203389 1390170 54 2.4 34 49 201 15 13 
           

 

Continued over . . . 
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No. Name Northing Easting OC:N OC:IC N:P C:Si C:N Si:N C:Si:N 
East Coast 
55 Ahuriri 5071452 1360429 36 2.1 33 21 170 37 4 
61 Arrow 5015544 1271209 319 3.5 12 46 865 56 20 
45 Ashburton North 5170865 1481527 123 2.6 44 22 296 43 7 
46 Ashburton South 5165575 1460554 27 2.5 102 24 81 15 5 
52 Birch Hill 5146038 1367834 26 3.1 98 31 97 12 8 
53 Bush 5139482 1367402 69 2.5 17 32 349 30 7 
47 Cameron 5187645 1449303 55 2.8 15 21 201 45 4 
6 Camerons 5104031 1304156 152 1.8 22 44 423 42 9 
62 Cardrona 5016751 1282022 267 3.0 15 36 1399 159 14 
67 Cass 5139054 1396190 23 4.8 46 13 139 32 4 
2 Dart 5031585 1230166 125 1.5 39 121 300 18 16 
69 Dobson 5115674 1351313 23 3.6 67 18 139 27 9 
1 Greenstone 5013718 1232731 235 1.7 30 29 341 64 6 
65 Harper 5213915 1475372 35 3.9 27 17 196 32 6 
51 Hooker 5152949 1368703 64 3.3 29 80 236 12 17 
59 Hopkins 5120540 1344574 221 5.7 20 24 1282 149 10 
68 Jollie 5139654 1373040 23 4.5 23 10 166 47 4 
49 Macaulay 5156207 1404679 237 2.9 20 21 441 73 4 
7 Makarora 5106749 1306924 106 2.1 25 45 333 32 12 
5 Matukituki 5059497 1273957 53 1.7 81 114 194 7 27 
44 Rakaia2 5203454 1468189 24 3.6 74 25 108 15 9 
66 Rakaia1 5203454 1468189 38 3.2 54 21 181 25 6 
48 Rangitata 5152758 1457772 28 2.9 46 21 132 25 5 
3 Rees2 5032047 1236988 228 1.4 18 69 438 32 15 
3a Rees1 5042916 1240234 140 2.0 44 45 427 35 14 
60 Route Burn 5037559 1225698 57 2.9 35 32 224 18 6 
4 Shotover 5009524 1258679 160 2.5 27 81 718 37 22 
50 Tasman1 5155270 1370429 56 3.1 26 99 219 10 16 
50b Tasman2 5139087 1371863 127 4.7 19 33 685 57 12 
54 Temple 5110487 1346616 100 2.4 20 22 353 54 6 
42 Waimakariri 5237856 1497904 45 2.2 38 23 149 28 5 
43 Wilberforce 5209359 1468752 49 3.4 41 23 203 27 5 
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Appendix 5 
Table A5.1: Specific yield for nutrients (nitrate nitrogen, ammoniacal nitrogen, and phosphorus) in kg km-2 
a-1 measured at the NRWQN stations within the study area and determined for the entire data record (1989–
2013) as well as the subset of time that overlaps with this study (2012–2013).  Errors are calculated as the 
95% confidence interval value for the mean. Data provided by MfE (2015) as supplementary data for the 
report Environment Aotearoa. 1 yield calculated using a discharge-weighted concentration, 2 yield calculated 
using the median concentration. 

Nitrate Nitrogen 
Discharge 

Weighted Conc.  
(µg N/L)  

Median Conc. 
(µg N/L)  

Specific Yield1 
(kg km-2 a-1)  

Specific Yield2  
(t km-2 a-1)  

Diff. 
(%) 

Grey (1989-2013) 92.8 ±30.7 87.5 ±7.3 381.8 ±126.4 359.9 ±29.9 6% 

Grey (2012-2013) 153.6 ±51.0 139.0 ±35.7 631.6 ±209.9 571.7 ±146.7 9% 
          

Haast (1989-2013) 28.3 ±7.4 32.0 ±2.2 116.4 ±30.3 131.6 ±8.9 13% 

Haast (2012-2013) 38.5 ±17.2 39.0 ±4.9 158.2 ±70.8 160.4 ±20.0 1% 
          

Shotover (1989-2013) 18.7 ±10.8 16.0 ±1.1 76.8 ±44.3 65.8 ±4.4 14% 

Shotover (2012-2013) 18.6 ±15.3 15.5 ±3.9 76.6 ±62.9 63.8 ±16.2 17% 

          
Ammoniacal Nitrogen 

Discharge 
Weighted Conc.  

(µg N/L)  

Median Conc. 
(µg N/L)  

Specific Yield1 
(kg km-2 a-1)  

Specific Yield2 (kg 
km-2 a-1)  

Diff. 
(%) 

Grey (1989-2013) 8.2 ±0.0 6.0 ±0.6 33.9 ±0.1 24.7 ±2.5 27% 

Grey (2012-2013) 9.5 ±3.8 5.0 ±1.6 38.9 ±15.6 20.6 ±6.5 47% 
          

Haast (1989-2013) 3.7 ±0.1 2.0 ±0.4 15.4 ±0.3 8.2 ±1.4 47% 

Haast (2012-2013) 2.0 ±2.8 1.5 ±0.6 8.2 ±11.3 6.2 ±2.4 25% 
          

Shotover (1989-2013) 3.4 ±0.0 3.0 ±0.3 14.0 ±0.0 12.3 ±1.3 12% 

Shotover (2012-2013) 2.6 ±1.1 2.0 ±0.6 10.8 ±4.3 8.2 ±2.7 24% 

          
Phosphorus 

Discharge 
Weighted Conc.  

(µg P/L) 

Median Conc. 
(µg P/L)  

Specific Yield1  
(t km-2 a-1)  

Specific Yield2 (t 
km-2 a-1)  

Diff. 
(%) 

Grey (1989-2013) 4.1 ±4.2 2.3 ±0.2 17.0 ±17.3 9.5 ±0.9 44% 

Grey (2012-2013) 3.6 ±2.3 2.8 ±0.6 14.9 ±9.4 11.3 ±2.4 24% 
          

Haast (1989-2013) 2.0 ±1.7 1.1 ±0.1 8.3 ±7.0 4.5 ±0.5 46% 

Haast (2012-2013) 1.6 ±0.2 1.3 ±0.2 6.4 ±1.0 5.1 ±1.0 19% 

          

Shotover (1989-2013) 3.4 ±0.0 3.0 ±0.6 14.0 ±0.0 12.3 ±2.7 12% 

Shotover (2012-2013) 2.6 ±1.1 2.0 ±0.6 10.8 ±4.3 8.2 ±2.7 24% 

           

 


