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potential (categories ranging from Very low to Very high) but require conversion to factors 

(a numeric value between 0 and 1) so they can be used in catchment nitrogen modelling. 

An export coefficient modelling approach is used to calibrate the AFN values. This chapter 

fulfils objective iv and is prepared as a manuscript for publication in a scientific journal. 

 

Chapter 7 summarises and provides a synthesis of the main findings of this thesis. It also 

recommends potential avenues for future research to continue reducing the uncertainty of 

these estimates.  
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nutrient cycles (such as the carbon cycle), the nitrogen cycle is relatively complex, 

featuring a number of different oxidation states of nitrogen, each with different bio-

availability and reactivity potentials (Robertson, 1997).  

 

 
Figure 2.1: The soil/plant nitrogen cycle (adapted from Cameron et al., 2013). 
 

Nitrogen fixation, mediated by soil micro-organisms or in the root nodules of legumes, 

involves the reduction of atmospheric N2 to ammonia (NH3), which rapidly converts to 

ammonium (NH4
+) in soil. Soil organic matter, including plant material and animal 

wastes, is also mineralised to NH4
+ through ammonification. NH4+ is available for plant 

uptake but can also be immobilised again when converted back to organic nitrogen 

compounds or adsorbed to clay minerals in the soil. NH4
+ may also be converted again to 

nitrite (NO2
-) and nitrate (NO3-) via nitrification. While NO3

- is available for plant uptake, 

it is also highly mobile due to its negative charge, making it vulnerable to leaching from 

the root zone and soil profile under wet conditions. Leached NO3
- can be transported via 

subsurface flow pathways beyond its source, potentially contributing to downstream, or 

down gradient, water quality impacts. However, NO3
- can also be removed from the soil-

water system, either by immobilisation back into soil organic matter, or by denitrification. 





























 

23 
  

enzyme activity, the sites characterised by loess over gravels were found to have less 

denitrification potential than those sites underlain by alluvium. Similarly, the drainage 

status of soils within the unsaturated zone may be a predictor for denitrification potential 

in groundwaters. Using a transect of shallow groundwater piezometers in Reporoa Basin, 

located in the Waikato region of New Zealand, Clague et al. (2019) examined 

groundwater denitrification potential and the redox status of the various soil drainage 

characteristics. They found generally reduced groundwater conditions indicating higher 

denitrification potential under imperfectly/poorly drained soils, compared to well-drained 

soils resulting in oxic groundwater with low denitrification potential in the study 

piezometers.  

 

While denitrification has been shown to be an effective process for nitrate removal in a 

range of hydrogeological settings, it is also known not to occur ubiquitously across 

landscapes (Pinay et al., 2015; Seitzinger et al., 2006). To explore the potential 

relationship between certain landscape attributes and nitrate attenuation, comparative 

studies between catchments have been undertaken to demonstrate and highlight the 

influence of underlying soil and rock types (Deakin et al., 2016; McAleer et al., 2017; 

Mellander et al., 2014; Orr et al., 2016).  

 

Deakin et al. (2016) compared the nutrient pathways for two contrasting Irish catchments: 

the Mattock catchment, underlain by poorly drained soils, subsoils and bedrock; and the 

Nuenna catchment, underlain by freely draining soils and subsoils and highly karstified 

limestone. The poorly drained setting of the Mattock catchment resulted in higher 

phosphorus losses per hectare than those in the Nuenna catchment. However, nitrogen 

losses per hectare were approximately 3.5 times greater in Nuenna than in the Mattock 

catchment. Orr et al. (2016) also contrasted the Nuenna catchment with another poorly 

drained Irish catchment, the Glen burn. Here, similar to Deakin et al. (2016), the 

contrasting hydrogeological settings influenced the biogeochemical fate and transport 

processes for nitrogen in a similar way. Nitrification is the dominant process influencing 

nitrogen mobility in the Nuenna catchment, where aquifer transmissivity values are 

higher, whereas denitrification is the dominant process in the lower transmissivity Glen 

Burn catchment (Orr et al., 2016). 
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reaction in subsurface environments, but is only one step in a sequence of redox reactions 

that can occur as conditions become increasingly reduced (Korom, 1992; Rivett et al., 

2008). Because dissolved oxygen (DO) is thermodynamically favoured over NO3
- as a 

terminal electron acceptor, denitrification typically occurs after DO is depleted. 

Therefore, a lack of DO becomes an indicator of denitrification potential in the subsurface 

environment. In this thermodynamic sequence, NO3
- reduction is followed by the 

reduction of manganese (IV)  (Mn(IV)), ferric iron (Fe(III )) and sulphate (SO42-), 

reflecting a progression towards more reducing conditions (Rivett et al., 2008).  

 

Using observations of redox sensitive species, McMahon & Chapelle (2008) developed a 

criteria to assess redox status and processes occurring in groundwater systems. This 

assessment requires commonly analysed water quality parameters to determine whether 

a groundwater sample is oxidised, mixed or reduced. It uses a decision tree-type approach 

to classify groundwater redox status and processes depending on the concentration of 

several parameters, including DO, NO3
--N, dissolved manganese (Mn2+), dissolved iron 

(Fe2+) and SO4
2-. This classification criteria has been widely used (Clague et al., 2019; 

Close et al., 2016; Rivas et al., 2020, 2017; Rosecrans et al., 2017; Stenger et al., 2018) 

and is seen as a valuable method of assigning redox status to groundwater samples. It has 

also been adapted for New Zealand groundwater conditions (Close et al., 2016). 

 

Subsurface redox conditions have also been cited in denitrification studies, drawing a link 

between reduced subsurface conditions and nitrate reduction (Clague et al., 2019; Collins 

et al., 2017; Jahangir et al., 2013a; Rivas et al., 2017, 2020; Stenger et al., 2018). This 

connection has led to recent efforts to map and model subsurface redox conditions in both 

New Zealand and around the world using machine learning methods. Within New 

Zealand, Close et al. (2016) and Wilson et al. (2018) used linear discriminant analysis to 

predict groundwater redox status with a range of predictor variables, including geology, 

topography and soil characteristics in the Waikato, Canterbury and Southland regions. 

This was extended by Wilson et al. (2020) to cover all of New Zealand with redox status 

predictions made for depths of 15 m and 50 m. Elsewhere, similar approaches have been 

undertaken to map and model subsurface redox conditions in Germany (Knoll et al., 

2020), the United States (Rosecrans et al., 2017; Tesoriero et al., 2024, 2015) and 

Denmark (Hansen et al., 2014; Kim et al., 2019; Koch et al., 2019, 2024; Madsen et al., 

2021). 













https://doi.org/10.1007/s10661-024-13427-y
https://doi.org/10.1007/s10661-024-13427-y
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attenuation need to be refined at landscape scale, due to the variability at which nitrate 

attenuation is typically observed (Blicher-Mathiesen et al., 2014; Elwan et al., 2015). 

 

The primary pathway for subsurface nitrate attenuation is denitrification, the microbially-

mediated removal of nitrate to gaseous forms of nitrogen (Korom, 1992; Rivett et al., 

2008). Evidence of denitrification in New Zealand groundwaters has been reported in 

various studies (Burbery, 2018), however, direct measurements of it are sparse. In 

addition, direct measurements of subsurface denitrification tend to be complicated and 

time-consuming to perform and discrete measurements may not reflect the pattern of 

nitrate attenuation across different hydrogeological settings in agricultural landscapes 

(Pinay et al., 2015; Seitzinger et al., 2006; Vidon et al., 2010). This leads to the challenge 

of matching discrete direct observations of subsurface denitrification to wider water 

quality considerations at catchment-scale (Seitzinger et al., 2006). 

 

As groundwater redox conditions have a strong connection to denitrification in 

groundwater, they can be used as a proxy to map and model nitrate attenuation potential 

at the catchment-scale (Clague et al., 2019; Collins et al., 2017; Rivas et al., 2020, 2017, 

p. 201; Stenger et al., 2018). The reduction of nitrate (NO3-) to gaseous forms of nitrogen 

(predominately dinitrogen; N2) only occurs in favourable redox conditions in 

groundwaters (Rivett et al., 2008). Within this context, dissolved oxygen (DO; O2) is 

preferentially oxidised with dissolved organic carbon as it is the most energetically 

favourable to aerobic bacteria (Rivett et al., 2008). However, once DO is depleted, nitrate 

becomes energetically favourable to a range of anaerobic bacteria. Several studies have 

demonstrated the connection between reduced groundwater conditions and denitrification 

in New Zealand (Clague et al., 2019; Collins et al., 2017; Rivas et al., 2020, 2017; Stenger 

et al., 2018), and internationally (Böhlke et al., 2002; Højberg et al., 2017; Jahangir et al., 

2013b; Puckett and Cowdery, 2002; Stuart, 2018; Welch et al., 2011). In addition, there 

is growing evidence that subsurface denitrification and redox conditions are strongly 

influenced by landscape characteristics such as soil drainage (Clague et al., 2019; Rivas 

et al., 2020; Wu et al., 2018) but comparatively little is known about the temporal stability 

of redox conditions in groundwater and so it will be important to identify any variability 

with time before using redox as a proxy for denitrification in groundwaters. Therefore, a 

robust assessment of the spatial variability and temporal stability of groundwater redox 

conditions and their relationships with landscape characteristics have the potential to 
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central North Island associated with Quaternary volcanism have also formed important 

aquifers (White et al., 2019). These areas typically host the most intensive land uses in 

New Zealand, such as dairy farming, cropping and vegetable production. Complex 

groundwater flow pathways and recharge dynamics in New Zealand aquifers complicate 

our understanding of nutrient transport and attenuation, including groundwater redox 

conditions (Collins et al., 2017; Morgenstern et al., 2019, 2017; Singh et al., 2019; Wells 

et al., 2016). 

 

 

 
Figure 3.1: The main hydrogeological units of New Zealand, ranging from aquifers, 

aquitard, aquiclude and basement (White et al., 2019). Reproduced with 
permission from Springer Nature. 
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Figure 3.4: RMSE scores for each facies for the prediction of Mn 2+ by linear 

regression, random forest and XGBoost models. NF refers to 'no facies'. 
Resampled data from the training data set has been used. Reproduced 
with permission from Springer Nature. 

 

With random forest selected as the imputation algorithm, the model is fit to the testing 

data to compare observed Mn2+ with predicted Mn2+. Some of the models performed 

better than others, with facies 3, 4 and 6 achieving R2 scores of > 0.8 (Figure 3.5). These 

facies had a relatively higher concentration of mean Mn2+, indicating they are likely from 

zones of reduced groundwater (Table 3.2). For the remaining facies, particularly 1 and 5, 

the models seemed to under-predict Mn2+. These are relatively large facies (Table 3.2) 

and had a lower mean Mn2+ concentration, potentially indicating they are from more 

oxidised groundwater zones. In the absence of any hydrochemical facies (Figure 3.6), R2 

is > 0.8 overall, but under-predictions of Mn2+ are more likely compared to facies 3, 4 

and 6. In all, the 1,032 missing Mn2+ values from facies with R2 > 0.8 (3, 4 and 6) were 

able to be reliably imputed from the imputation data set out of a possible 8,634 (Figure 

3.2, Table 3.2). Imputed data from these facies had a RMSE of < 0.2 mg/L (Figure 3.4). 

The mean Mn2+ concentration of facies 3, 4 and 6 is above the redox threshold for Mn2+ 

even with this error (Table 3.2), indicating errors in imputation will have little effect on 

redox classification.  
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Figure 3.5: R2 results for each random forest facies. Testing data has been used. The 

black line is the 1:1 line and the blue line is the regression line. 
Reproduced with permission from Springer Nature. 
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Mixed 3,943 4,169 

Reduced 6,102 6,429 

Indeterminate 51,489 51,057 

Total 85,162 85,162 

 

 
Figure 3.7: Physical location of groundwater redox classifications (derived from 

groundwater quality samples) across New Zealand.  
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The number of bores available for classification has increased steadily over the 30-year 

period from 1990 to 2019 (Figure 3.8), particularly since 2000. Although this growth has 

occurred over all three groundwater redox classes, oxidised groundwater has seen the 

largest growth in the New Zealand data set. This may reflect the fact that most 

groundwater in New Zealand aquifers is of a more oxidised nature, or it could reflect a 

bias in the location of bores in New Zealand (Figure 3.7). Existing groundwater 

production wells are installed in porous aquifer materials (such as gravels) that allow for 

higher rates of land surface recharge and groundwater flows, generally found in oxidised 

groundwater conditions. Furthermore, the existing groundwater data is sourced from 

wells that are in flat (78%), alluvial (60%) areas, which represent only 15% and 14% of 

agricultural landscapes across New Zealand (Section 3.4.3).  

 

 
Figure 3.8: Number of groundwater redox classifications (derived from 

groundwater quality samples) made over a period of 30 years (1990-
2019) across New Zealand. Reproduced with permission from Springer 
Nature. 

  

Most of the available redox data has been sourced from bores < 50 m deep, with 

comparatively very few data points beyond 100 m (Figure 3.9). This limitation in 

available data notwithstanding, it appears that groundwater less than approximately 40 m 
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attribute was also shown for each redox status, i.e. oxidised, mixed, reduced, 

demonstrating how the mix of landscape attributes changes with redox status.  

 

For Rock type (Table 3.4), groundwater redox data was under-represented for greywacke; 

metamorphic rocks; sandstone; mudstone; igneous rocks; volcanic ash over greywacke; 

argillite; volcanic ash over sandstone; conglomerate; loess over sandstone; alluvium over 

greywacke; and volcanic ash over mudstone across New Zealand landscapes. However, 

together, these rock type areas make up around 60 % of the total area nationally but were 

represented by only about 1 % of the groundwater redox data. Alternatively, the 

groundwater redox data was well- or over-represented for alluvium; volcanic deposits; 

volcanic ash; loess over alluvium; unconsolidated sediments; windblown sands; gravels; 

and loess over gravels. These rock types make up about 26 % of the total area nationally 

but were represented by 87 % of the groundwater redox data. Among the different rock 

types, differences in the distribution of redox status can also be observed. Some rock 

types are strongly oxidising, such as alluvium, volcanic/igneous deposits, and volcanic 

ash deposits, while others are more strongly reducing such as mudstone or windblown 

sands. Sandstone also offers a useful example of how redox status can change depending 

on what overlies it. Where Loess over Sandstone occurs, it was typically strongly 

reducing, however where Volcanic ash over Sandstone occurs it was rather more 

oxidising (Table 3.4). These findings may reflect the impact that geology has on 

groundwater residence times and the promotion of reducing conditions (Fenton et al., 

2011, 2009; McAleer et al., 2017). 

 

Gravel class is broadly split between those landscape units characterised as non-gravelly 

and those having some degree of gravel within them, ranging from slightly gravelly to 

extremely gravelly (Table 3.4). The groundwater redox data was roughly in proportion to 

the gravel classes at a national scale, with non-gravelly areas having a smaller proportion 

of the oxidised groundwater data and a larger proportion of the reduced groundwater 

redox data, as compared with all other sites with a gravel content.  

 

Table 3.4: Distribution of groundwater redox data among rock types and gravel 
classes in New Zealand. Reproduced with permission from Springer 
Nature. 

















https://doi.org/10.1016/j.jenvman.2025.125628














 

64 
  

modified from McMahon and Chapelle (2008) for New Zealand conditions. It classifies 

groundwater redox status based on the thresholds of dissolved oxygen (DO) < 1.0 mg/L; 

nitrate-nitrogen (NO3
--N) < 0.5 mg/L; and dissolved manganese (Mn2+) > 0.05 mg/L 

(Close et al., 2016; Collins et al., 2025b). The collated groundwater dataset included some 

missing Mn2+ values (an important redox variable), which were imputed using locally-

developed random forest regression models between observations of Mn2+ and Ca2+, 

Mg2+, K+, Na+ and Cl- values in the groundwater dataset (Collins et al., 2025b). Across 

the study area, shallow groundwater was classified predominantly oxidised, whereas the 

reduced groundwater conditions were assessed more frequently at greater depths (Collins 

et al., 2025b). Refer to Collins et al. (2025b; Chapter 3) for further details on the 

assessment of the collated groundwater quality dataset and its application for assessing 

the spatial variability and temporal stability of groundwater redox conditions across New 

Zealand regions. The collated national-scale groundwater data set resulted in 34,098 

individual groundwater redox assessments from 3,764 wells across New Zealand, of 

which 1,242 groundwater redox assessments were located across the Horizons region 

from 227 wells. Table 4.1 summarises the basic statistics associated with the classification 

of the national-scale groundwater data set into either an oxidised, mixed or reduced 

category (Collins et al., 2025b). Oxidised groundwater is the majority category and 

typically has higher mean and median DO and NO3
--N concentrations, while reduced 

groundwater has higher mean and median dissolved Mn2+ and Fe2+ concentrations. This 

pattern conforms to the general understanding of subsurface redox conditions (Rivett et 

al., 2008).  

 

Table 4.1: A summary of New Zealand groundwater quality data as per their redox 
status. 

Redox 

Status 

n Parameter Mean Median Min  Max Standard 

deviation 

Oxidised 23,504 

DO (mg/L) 6.58 6.90 1.00 11.85 2.42 

NO3--N (mg/L) 4.90 3.80 <0.01 25.00 4.47 

Mn2+ (mg/L) 0.01 <0.01 <0.01 0.05 0.01 

Fe2+ (mg/L) 0.05 0.01 <0.01 8.20 0.18 

SO42- (mg/L) 12.13 9.20 0.01 100.00 11.00 

Mixed 4171 

DO (mg/L) 2.27 1.15 0.01 11.64 2.50 

NO3--N (mg/L) 1.79 0.20 <0.01 25.00 3.49 

Mn2+ (mg/L) 0.26 0.10 <0.01 1.70 0.35 

Fe2+ (mg/L) 1.01 0.11 <0.01 15.00 2.20 

SO42- (mg/L) 14.09 8.00 0.01 100.00 18.73 



 

65 
  

Reduced 6423 

DO (mg/L) 0.21 0.15 0.01 0.99 0.20 

NO3--N (mg/L) 0.04 0.01 <0.01 0.50 0.08 

Mn2+ (mg/L) 0.44 0.27 0.05 1.70 0.41 

Fe2+ (mg/L) 2.53 1.20 <0.01 15.00 3.16 

SO42- (mg/L) 7.53 2.60 0.01 99.90 12.96 

 

Within the Horizons region, groundwater redox data was sourced from a depth of 2 m to 

235 m (Table 4.2). Like the national data set, these data were collected from groundwater 

wells primarily used for domestic/drinking water, farm or industrial use. The groundwater 

data were collected from 1990, though particularly from 2000 when the frequency and 

coverage of groundwater monitoring increased in the study region. Oxidised groundwater 

was, on average, assessed at shallower depths, compared to more mixed or reduced 

groundwater assessed at relatively deeper groundwater depths (Table 4.2).  

 

Table 4.2: A summary of depth of groundwater wells, in metres below ground level, 
from which groundwater redox data was sourced from within the 
Horizons region. p25 and p75 refer to the 25th and 75th percentile. 

Redox Status n Min (m)  p25 (m) Median (m) Mean (m) p75 (m) Max (m) 

Oxidised 548 2.0 10.5 17.0 19.3 22.3 135 

Mixed 134 2.0 10.6 27.0 45.9 68.6 134 

Reduced 560 2.6 18.0 30.3 49.5 68.6 235 

 

A geographical dataset of landscape attributes and landscape unit boundaries was 

obtained from the New Zealand Land Resource Inventory (NZLRI; Newsome et al., 

2008). The NZLRI is an inventory of five physical factors, soil, rock type, slope, presence 

and severity of erosion, and vegetation, mapped at a scale of 1:50,000, that drive land use 

capability mapping in New Zealand (Lynn et al., 2009). In addition, the NZLRI is 

supplemented with 16 additional soil properties collectively known as the Fundamental 

Soil Layers (FSL; Barringer et al., 1998; Newsome et al., 2008). Together, these 

geographical data sets provide around 100,000 polygons (landscape units) across New 

Zealand featuring a range of landscape attributes.  

 

In this study, a total of fourteen attributes were selected from the NZLRI and the FSL to 

represent landscape characteristics, potentially related to redox processes in the 

subsurface environment (Collins et al., 2025b). These include top rock, base rock, slope, 

carbon content, gravel content, soil drainage, permeability, profile available water 
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northern part of the region and reducing subsurface conditions in the south-west coastal 

area. The northern part of the region features volcanic deposits in addition to various 

sedimentary marine deposits such as sandstone and mudstone (Figure 4.1b). Significantly 

older basement greywacke also outcrops in the north-east of the region (Figure 4.1b). In 

the south, the western coast is characterised by alluvial and marine sedimentary deposits 

including sands and gravel. Iron-rich windblown sands form a thin veneer across this area 

with sand dunes aligned with the predominant north-west wind direction. The axial 

ranges, dividing the south-east of the region with the south-west, were unmodelled by 

Wilson et al. (2020), but were predicted as being strongly oxidising landscapes in this 

analysis (Figure 4.1b, Figure 4.2a).  

 

 
Figure 4.2: Predicted landscape subsurface redox status determined by the XGBoost 

model: a) probability that landscape units are oxidised; b) probability 
that landscape units are reduced. A higher probability value indicates a 
greater level of confidence in the prediction. 

  

Figure 4.3 plots the variable importance scores calculated from the trained XGBoost 

model. The most important variables in assessing landscape subsurface redox conditions 

were scored as poorly drained soils and alluvium rock type. In this context, soil drainage 

characteristics are based on the depth and duration of water tables inferred from soil 

colours and mottles; while alluvium refers to undifferentiated floodplain alluvium, 

colluvium and glacial drift (Newsome et al., 2008). Soil drainage and sediment type have 

previously been associated with denitrification and reducing conditions in groundwater 

(Clague et al., 2019; Clague et al., 2015; Collins et al., 2017; Rivas et al., 2017; Wu et al., 
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Figure 4.4: Location of ground-truthing studies in the southern Horizons region 

showing both soil drainage class and rock type categories. Site locations 
do not necessarily reflect the exact locations of places they are named for. 

  

Table 4.5: Shallow groundwater redox and denitrification studies, compared with 
the XGBoost predictions of landscape subsurface redox status in the 
Horizons region. Depth is m below ground level. 

Reference Piezo depth (m) Redox status P(Oxidised) P(Reduced) 

Santoft sites 

Collins et al. (2017) 3.00 Reduced 0.05 0.95 

Smith (2017) 2.40 Reduced 0.02 0.98 

Smith (2017) 5.00 Reduced 0.02 0.98 

Smith (2017) 3.40 Reduced 0.01 0.99 

Smith (2017) 5.00 Reduced 0.01 0.99 

Gonzalez Moreno (2019) 3.00 Reduced 0.01 0.99 

Smith (2017) 3.00 Reduced 0.01 0.99 

Gonzalez Moreno (2019) 6.00 Reduced 0.01 0.99 

Smith (2017) 6.00 Reduced 0.01 0.99 

Gonzalez Moreno (2019) 6.00 Mixed 0.01 0.99 

Smith (2017) 3.00 Reduced 0.01 0.99 

Smith (2017) 3.50 Reduced 0.01 0.99 

Bulls sites 

Collins et al. (2017) 3.00 Reduced 0.05 0.95 

Collins et al. (2017) 6.00 Reduced 0.05 0.95 

Sanson sites 

Collins et al. (2017) 3.00 Reduced 0.01 0.99 

Collins et al. (2017) 6.00 Reduced 0.01 0.99 

Woodville sites 

Gonzalez Moreno (2019) 5.00 Reduced 0.37 0.63 

Rivas et al. (2020) 5.00 Reduced 0.37 0.63 

Gonzalez Moreno (2019) 6.00 Reduced 0.37 0.63 

Rivas et al. (2020) 6.00 Reduced 0.37 0.63 

Gonzalez Moreno (2019) 7.50 Reduced 0.37 0.63 

Rivas et al. (2020) 7.50 Reduced 0.37 0.63 

Pahiatua sites 

Gonzalez Moreno (2019) 3.60 Oxidised 0.70 0.30 









 

79 
  

 
Figure 4.5: Distribution of soil drainage class and rock type groupings of each 

LSNAI class predicted and mapped in the Horizons region. 
 

The Very low LSNAI landscape class is composed of 737 land units, with a mean 

P(Oxidised) value of 0.89, i.e. highly oxidised subsurface redox conditions with very low 

nitrate attenuation potential, covering about 1802 km2 of the study area. This class is 

characterised entirely by greywacke rock type (100 %), but with a range of soil drainage 

classes, primarily well drained (50 %) and moderately well drained (43 %) (Figure 4.5).  

 

The Low LSNAI category, which is composed of 6,033 land units, has a mean P(Oxidised) 

value of 0.78. There is a wider range of rock types but the soil drainage class is almost 

entirely well drained (99 %). Rock types primarily include mudstone (13 %) and 

sandstone (23 %) but also includes a range of volcanic deposits (Figure 4.5). This 

category is the largest LSNAI class mapped in the region (Table 4.6).  

 

The Medium LSNAI class is comprised of a balance between P(Oxidised) and P(Reduced) 

redox status (Table 4.6). Rock types in this class comprise a greater share of mudstone 

(25 %) and sandstone (40 %) with soil drainage class split between moderately well 

drained (74 %) and imperfectly drained (26 %) (Figure 4.5).  
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The High LSNAI class, comprising 988 landscape units, has a mean P(Oxidised) value of 

0.31 or a mean P(Reduced) value of 0.69 (Table 4.6). These landscape units are primarily 

composed of poorly drained soils (79 %), with loess (31 %) and alluvium (41 %) making 

up the dominant rock types (Figure 4.5), which covers about 1841 km2 of the study area. 

Loess over gravels and loess over sandstone also make up minor portions of the High 

LSNAI class.  

 

Finally, the Very high LSNAI class features a range of soil drainage classes but is 

exclusively composed of windblown sands (100 %) (Figure 4.5), located along the 

western coast of the region (Figure 4.6 and Figure 4.1). It has a mean P(Oxidised) of only 

0.13, or mean P(Reduced) of 0.87, covering 774 km2 of the study area.  
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Figure 5.1: Tuapaka Farm with maps showing a) elevation; b) geology; c) soil types; 

and d) LSNAI categories. Study sites: 1 = Ramiha series, 2 = Shannon 
series and 3 = Tokomaru series. 
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Figure 5.4: Daily timeseries of soil Eh and rainfall for the Ramiha, Shannon and 

Tokomaru silt loam soils at Tuapaka Farm. 
 

Table 5.1: Summary of drainage status, LSNAI, probability of oxidised subsurface 
conditions, average spring soil redox potential (Eh) and soil 
morphological features for the Ramiha, Shannon and Tokomaru silt 
loam soils. 

Soil type Drainage 
status 

LSNAI P(Oxidised) Average spring 
Eh 

Morphological features 

    Depth 
(cm) 

Eh 
(mV) 

 

Ramiha Well Low 0.95 30 731 Lacks low chroma colours and shows only 
medium mottles, likely associated with 
earthworm activity in the ABw horizon (20-37 
cm), indicating well-drained conditions. 

50 737 
70 730 
90 713 

Shannon Imperfect Medium 0.66 30 697 Exhibits light grey (low chroma) colours and 
coarse distinct mottles in the subsoil (20-86 
cm) demonstrating active redoximorphic 
processes that diminish below 86 cm. 

50 646 
70 553 
90 769 

Tokomaru Poor High 0.08 30 -94 Extensive redoximorphic features throughout 
the profile, with low chroma colours and 
coarse mottles in the subsoil and a fragipan 
forming from approximately 84 cm. 

50 -16 
70 197 
90 701 

 

 

However, these field-based soil Eh data contrast with recent laboratory incubation assays 

of soils from Tuapaka where a high soil denitrification capacity for the Ramiha silt loam 
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Figure 6.3: Observed and predicted average annual river SIN loads (t yr -1) with 

calibrated AFN values for all sites. Axes are log10-transformed. The red 
dashed line is the 1:1 line. 

 

A clear pattern emerges when the observed average annual SIN loads are compared with 

the absolute percentage errors from the regional calibration. Sites with observed average 

annual SIN loads of < 500 t yr-1 generally had much larger percentage errors than those 

with observed average annual SIN of > 500 t yr-1 (Figure 6.4; Table G.2). The sites with 

the observed average annual SIN loads of > 500 t yr-1 had percentage errors ranging from 

-44 % to 55 %. This partly reflects the optimisation criteria (RMSE) used, which weighed 

improvements at large-load sites more heavily (Section 6.3.4). In addition, small 

catchments (observed average annual SIN load of < 500 t yr-1) contain fewer and less 

diverse landscape units, reducing the potential for local estimation errors to balance out 

across the catchment. As a result, local discrepancies have a proportionally greater 

influence on total load estimates.  
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is small and coastal (Figure 6.1a), and despite some indications of subsurface reducing 

conditions, its observed river SIN load may not fully capture losses that are instead 

transported via groundwater flows to the sea or to adjacent catchments. These 

circumstances could potentially create difficulties in calibrating LSNAI-derived AFN 

values to the observed river SIN loads at some sites. 

 

In contrast, the monitoring sites Tiraumea at Ngaturi, Makuri at Tuscan Hills and 

Whanganui at Te Rewa had the largest negative calibration errors with an under-

estimation of -74 %, -46 % and -44 %, respectively (Table G.2), in the average annual 

river SIN load, predicted by the LSNAI-derived AFN. However, not only are these errors 

smaller than those of the monitoring sites with positive calibration errors, their LSNAI 

classifications are more consistent with their inferred mass balance-derived AFN values. 

Tiraumea at Ngaturi had a mass balance AFN value of 0.39 (Table 6.1), consistent with 

how the LSNAI classified this catchment, with 57.9 % Medium and 34.9 % Low AFN 

categories (Table H.30). Much of the catchment consists of mudstone (43 %) and 

sandstone (29.2 %) which lean towards being reduced in the groundwater redox data set 

(Table 3.4). Makuri at Tuscan Hills had a mass balance AFN value of 0.14 (Table 6.1), 

also consistent with how the LSNAI classified this catchment, with 63.1 % Low and 27.8 

% Medium AFN categories (Table H.5). Here though, limestone makes up the largest rock 

type in the catchment (44.4 %) followed by mudstone (22.3 %) and sandstone (19.5 %). 

Finally, Whanganui at Te Rewa had a mass-balance AFN value of 0.02 (Table 6.1) and is 

also consistent with how the LSNAI classified this catchment, with 84.8 % of the 

catchment classified as Low (Table H.39).  

 

A potential reason for the under-estimation at these monitoring sites is due to the large 

instream SIN uptake component as a proportion of the total root zone SIN losses (Table 

I.1). While the mean instream SIN uptake as a proportion of root zone SIN losses is 16.1 

% for all monitoring sites, for Makuri at Tuscan Hills and Tiraumea at Ngaturi it is 34.8 

% and 52.1 %, respectively. Similarly, for Whanganui at Te Rewa, 26.6 % of the root 

zone losses are estimated to be removed through instream uptake before reaching the 

monitoring site. These estimates are uncertain and relatively large compared to the 

remaining monitoring sites in the data set, which may partially explain why the average 

annual river SIN load has been under-predicted at these sites.  
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comparing the AFN values derived from the mass balance approach with summaries of 

LSNAI, soil drainage and rock type categories for each monitoring site. The mass balance 

approach can over-estimate AFN by assuming all root zone losses will flow to the 

monitoring site, but the LSNAI partially avoids this as it is based on subsurface redox 

conditions, soil drainage and rock type characteristics. However, the LSNAI is still 

vulnerable to calibration errors because it is unknown what proportion of the observed 

river SIN load represents inputs from the sub-catchment root zone versus contributions 

mediated by groundwater flows.  
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Figure 7.1: Example of the refinement of subsurface nitrogen attenuation dynamics in the Tararua catchment of the Horizons region, New 

Zealand. From the nitrogen transmission coefficient (R; Clothier et al., 2007), to the sub-catchment mass balance based nitrogen 
attenuation factor (AFN; Elwan et al., 2018), and the Landscape Subsurface Nitrate-Attenuation Index (LSNAI; Collins et al., 
2025a).  
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This thesis demonstrates that subsurface nitrate attenuation is more effectively 

represented at landscape unit-scale than as a uniform or sub-catchment-aggregated 

process. The LSNAI captures heterogeneity in soil, lithological and subsurface redox 

conditions that drive denitrification potential across landscapes.  

 

A key finding of this research is that subsurface redox conditions, a primary driver of 

subsurface nitrate attenuation, are both spatially variable and unevenly represented in 

available data sets. The national groundwater redox data set compiled in Chapter 3 

revealed a bias toward lowland and alluvial environments, with steeper, complex 

landscapes under-represented. Despite this limitation, predictive modelling of subsurface 

redox conditions using landscape attributes as predictor variables proved effective. The 

XGBoost model developed in Chapter 4 demonstrated that key variables such as soil 

drainage and rock type are strong predictors of landscape unit subsurface redox status 

(oxidised or reduced subsurface conditions). These predictions enabled the development 

of the LSNAI by integrating landscape unit subsurface redox probabilities with soil and 

rock type characteristics to classify landscape units into five categories of nitrate 

attenuation potential (from Very low to Very high). This represents a shift from coarse, 

sub-catchment-scale estimates toward a finer scale resolution framework that better 

reflects natural spatial variability. 

 

Field-based observations of soil redox potential provided a means to evaluate LSNAI 

classifications and partially address the limitations identified in Chapter 3. Differences in 

soil redox potential dynamics observed across contrasting soil types aligned with the 

assigned LSNAI categories, providing site-based evidence supporting the conceptual basis 

of the LSNAI. However, these observations also highlighted temporal variability in 

subsurface redox conditions (also identified in Chapter 3) and reinforced that the LSNAI 

represents a simplified, steady-state estimate of nitrate attenuation potential, rather than 

a dynamic, process-based representation of subsurface processes.  

 

In Chapter 6, application of the LSNAI within an export coefficient modelling framework 

demonstrated its practical use for estimating instream river nitrogen loads. 

Parameterisation of LSNAI categories into AFN values allowed landscape unit-scale 

spatial variability in subsurface nitrate attenuation to be incorporated into catchment-scale 
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