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ABSTRACT
Nitrate in drinking water is a known health hazard for infants, although a growing body of epidemiological evidence suggests 
an increased risk of adverse pregnancy outcomes and some cancers. A major constraint of epidemiological research is the ability 
to quantify nitrate concentrations in public drinking water supplies over time. Data on nitrate concentrations in public drinking 
water supplies were retrieved by information requests, linked to a national dataset on the spatial extent of water distribution 
zones (WDZs) and linked with census information. We applied a number of data cleaning and imputation processes to address 
complexities in the raw data as well as missingness. In total, 599 WDZs (95.4%) had at least one nitrate measurement between 
2000 and 2024 (n = 20,875 raw observations). After applying a set of imputation methods, the final dataset covered 89.8% of all 
person-years (n = 92,800,000) of the population on a public drinking water supply during the most recent period from 2000 to 
2024. Overall, XGBoost imputation outperformed a range of other imputation methods when synthetic missingness was added to 
the original data. The large majority (95.3%) of the population was estimated to be on drinking water supplies of less than 1 mg/L 
nitrate-nitrogen. The population-weighted median nitrate concentration was 0.05 mg/L (IQR 0.04–0.36). This extensive assess-
ment provides the foundation for epidemiological research into the health effects of nitrate contamination of drinking water in 
New Zealand. The effectiveness of the system for drinking water nitrate surveillance could be enhanced in several ways that 
would improve its ability to meet its intended purpose.

1   |   Introduction

Nitrate (NO3
−) is a stable form of oxidized nitrogen that occurs 

naturally and is ubiquitous in the environment (World Health 
Organization 2016), Nitrate levels in fresh water are affected by 
agricultural activities (inorganic fertilizers and urine), waste-
water treatment, and nitrogenous waste products from humans 
and discharges from industrial processes (Alam et  al.  2024; 
Fida et al. 2024; Li et al. 2025). The World Health Organization 

(WHO) guideline value for nitrate in drinking water is 11.3 mg/L 
nitrate-nitrogen (the unit used throughout this paper) (World 
Health Organization 2017), which is the equivalent of 50 mg/L 
nitrate and is based on the absence of adverse health effects 
caused by infant methemoglobinemia.

A growing body of epidemiological evidence suggests a link 
between ingested nitrate via drinking water and increased 
risk of adverse pregnancy outcomes (Royal et  al.  2024) and 
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some cancers (Chambers, Douwes, et  al.  2022), potentially 
through the formation of carcinogenic and teratogenic 
nitrogen-nitroso compounds (NOC) (International Agency 
for Research on Cancer  2010). In 2020, the French Agency 
for Food, Environmental and Occupational Health and Safety 
(ANSES) conducted a systematic review of all case–control 
and cohort studies investigating associations between nitrate, 
nitrites or NOC and cancer until March 2022 (ANSES 2022). 
It concluded that “there is an association between the risk 
of colorectal cancer and exposure to nitrates and nitrites, 
whether ingested through drinking water or processed 
meat”(ANSES  2022, 1) and “in light of new epidemiological 
and toxicological data, the relevance of the quality limit of 
11.3 mg/L nitrate-nitrogen in drinking water”(ANSES 2022, 1) 
needs to be assessed. In October 2023, the US Environmental 
Protection Agency (USEPA) announced it would be review-
ing nitrate and nitrite toxicity for the first time since its initial 
assessment in 1991 (United States Environmental Protection 
Agency 2023).

Whereas the epidemiological evidence of adverse impacts of ni-
trate in drinking water is growing, few large robust epidemiolog-
ical studies are available (Chambers, Douwes, et al. 2022; Royal 
et al. 2024). One constraint has been a lack of longitudinal infor-
mation on drinking water supplies that can be linked to popu-
lation health data (Ward et al. 2018). Previous assessments have 
typically used measured nitrate within a water supply, which 
is sometimes supplemented by imputation methods (when site 
values are known) or environmental modeling (when site values 
are unknown). However, detailed information on the challenges 
posed by this type of data including the aggregation of data for a 
water supply with multiple sources or treatment plants as well as 
decisions on selected imputation methods is often not available.

Approaches to handling missing nitrate data have varied across 
studies. In a Danish study, around 18% of the final exposure 
dataset was based on imputed values. Linear interpolation was 
used when two or more values were available for a site (with 
no temporal constraint), whereas when a single measurement 
was available, this was used for the entire period (Schullehner 
et al. 2017). Researchers in Iowa using the Women's Prospective 
Cohort used samples collected in periods 1955–1964, 1976–1982, 
and 1983–1988 to generate an averaged nitrate exposure for the 
33-year observation period, effectively imputing missing val-
ues within and between periods (Weyer et  al.  2001). It is not 

possible to determine what proportion of the data was imputed, 
but if there was 100% coverage among the windows above (23 of 
33 years), then at least 33% of the annual values are imputed in 
practice. A Spanish and Italian multicenter case–control study 
imputed missing values with the average of all available mea-
surements for that water supply, with 12.6% of person-years with 
a measurement (~90% person-years imputed) (Espejo-Herrera 
et  al.  2016). Lastly, researchers using the Iowa case–control 
study used a weighted average of adjacent years whereby greater 
weight was given to years closer in time to the year with no mea-
surements (Ward et al. 2003). This included imputation weights 
of 1 for 1–2 years from a year with no data, 0.75 for 3–4 years, 
0.5 for 5–6 years, and 0.25 for 7–9 years, whereas if there were 
no data within 10 years, the nitrate level was unknown. A na-
tional assessment of nitrate concentrations in drinking water 
between 2000 and 2020 in France used a combination of hier-
archical median imputation (by parameter–year–region) and 
mixed-effects prediction models (R2 = 0.85) to estimate annual 
area-level annual values for the approximately 65% missing 
values (Lafontaine et al. 2024). These more recent assessments 
demonstrate an advancement in the handling of missing data 
in epidemiological studies. This study aims to (1) document the 
methodology of developing a national longitudinal database of 
nitrate levels in drinking water in NZ and (2) outline the assess-
ment used to quantify nitrate concentrations that will be used 
in a subsequent epidemiological study aiming to assess associa-
tions with adverse pregnancy outcomes.

2   |   Methods and Materials

2.1   |   Study Design

Longitudinal assessment of nitrate concentrations in public 
drinking water supplies from 2000 (earliest record) to 2024 in 
NZ. In NZ, public drinking water supplies are largely managed 
by 67 territorial authorities (TAs), which are a type of local gov-
ernment responsible for providing local services and regulatory 
functions within a defined geographic area, including the provi-
sion of drinking water.

2.2   |   Data

Until 2017, there was no regulatory requirement for a regis-
tered supplier to supply their sample results to either Ministry 
of Health (MoH) or Taumata Arowai—the Water Services 
Regulator, nor to store and maintain the sample data in a stan-
dardized way. In 2017, MoH required water supplies to sup-
ply it with their drinking water sample test results. In 2022, 
Taumata Arowai developed a centralized database (known as 
Hinekōrako) to which registered suppliers are required to sub-
mit their drinking water sample results. This means drinking 
water quality test samples were only available from a centralized 
location in a semi-centralized standard since 2017.

Between 2021 and 2024, we sent official information requests to 
all 67 TAs, the MoH (responsible for drinking water regulation 
prior to 2021) and Taumata Arowai (responsible for drinking 
water regulation from 2021). The information requested in-
cluded (1) any data on the spatial extent of the water distribution 

Summary

•	 Developed first national-scale nitrate exposure data-
set for New Zealand drinking water supplies.

•	 Coverage achieved for 89.8% of person-years between 
2000 and 2024, enabling robust health research.

•	 Majority of population (95.3%) supplied with water 
containing less than 1 mg/L nitrate-nitrogen.

•	 XGBoost imputation method outperformed others for 
reconstructing missing nitrate data.

•	 Findings highlight need for consistent monitoring, 
data standards, and improved nitrate surveillance.
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zones (WDZs), the area served by a particular registered water 
supply; (2) all information about the structure of each of the reg-
istered drinking water supplies (e.g., the relationships between 
water sources, treatment plants and WDZ); and (3) results from 
all drinking water sampling held on record. Figure 1 highlights 
the relationships between source waters, treatment plants and 
WDZ, with example water supply component codes assigned by 
water regulators in NZ. Importantly, the figure demonstrates 
that several WDZs can share identical structures (water source 
and treatment plant—discussed in more detail below).

2.2.1   |   Spatial Extent of WDZs

Future epidemiological research will link individual-level resi-
dential information to a particular water supply. We have previ-
ously collated and standardized the spatial information on 628 
TA-owned WDZs (Puente-Sierra et al. 2023). In brief, there was 
wide variability between TAs in the quality and accuracy of the 
data provided. We used a combination of data on building foot-
prints and drinking water reticulation (pipe) locations to modify 
WDZ data provided by TAs. WDZs represent the spatial extent 
of supplies as of 2022 when the data were collected and do not 
account for the changing size of these zones over time. As such, 
using these zones for earlier years may misclassify some people 
on private supplies as being on public supplies, and vice versa for 
years after 2022.

2.2.2   |   Water Supply Components and Treatment

Taumata Arowai provided information on the supply structure 
for each of the 628 WDZs for which we had spatial information. 
This included relationships between sources and treatment 

plants as well as treatment plants and WDZ. Currently, there is 
no TA-owned WDZ that uses treatment to remove nitrate.

2.2.3   |   Nitrate Data

Drinking water data are sampled at several points within the 
water supply including at the source (untreated water), at the 
water treatment plant (after treatment), and at WDZs (in the 
reticulation system). However, as previously highlighted, cover-
age for nitrate monitoring in NZ is poor due to there being no 
requirement for monitoring unless the current levels were above 
half the MAV, giving a value of 5.65 mg/L nitrate-nitrogen, 
compounded by the lack of a centralized database until 2017 
(Chambers, Hales, et al. 2022).

Extensive detail on the process for cleaning and standardizing 
these data is provided in the data cleaning protocol (Supporting 
Information). In brief, we extracted data from various file types 
using a range of methods. We then identified and standard-
ized all naming conventions for nitrate across the dataset. TAs 
sometimes test for total oxidized nitrogen as a proxy for nitrate-
nitrogen because it combines a total measure of both nitrate-
nitrogen and nitrite nitrogen (Land Air Water Aotearoa  2023) 
and, as incidents of nitrite (and nitrate-nitrogen) are low in New 
Zealand, the result generally reflects nitrate-nitrogen so we used 
total oxidized nitrogen as a proxy for nitrate-nitrogen.

2.3   |   Generating an Annual Nitrate Value 
for Each WDZ

For any subsequent health studies, the assessment needs to be 
aggregated to the WDZ level because residential addresses of 

FIGURE 1    |    Overview of the relationships between water sources, treatment plants, and water distribution zones with example water supply 
component codes.
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individuals will be spatially linked to a WDZ using the dataset 
generated by Puente-Sierra et al.  (2023). The process to gener-
ate an annual value for each WDZ involved three main steps. 
First, we processed the raw nitrate observations. Second, we 
generated annual WDZ-level values derived entirely from either 
source, plant, or WDZ data. Lastly, we ran a series of additional 
data cleaning processes that involved removing source- and 
plant-derived values where a WDZ value was available, applica-
tion of virtual zones, and imputation (Figure 2).

2.3.1   |   Stage One: Processing of Raw Nitrate Data

Overall, we received 45,746 nitrate sampling observations 
from TAs. These were typically grab samples from a water 
supply component that were processed by an accredited lab-
oratory in NZ. We excluded 6011 observations (13.1% of total 
raw dataset) because we could not verify or link the reported 
sample location (e.g., “bore 13”) to a Taumata Arowai code 
(e.g., “S0001”; see Figure 1 for examples). We excluded a fur-
ther 16,076 observations (35.1%) due to duplicate values by 
water supply component (e.g., S0001), date (e.g., 01/01/2020), 
and nitrate value (e.g., 0.1 mg/L nitrate-nitrogen). A further 

1667 observations (3.6%) were excluded because they were not 
associated with one of the current 629 publicly owned WDZs 
in the spatial dataset compiled by Puente-Sierra et al. (2023). 
Finally, 1117 observations (2.4%) that were taken prior to 
2000 were removed. In total, the processed raw dataset in-
cluded 20,875 observations (45.6% of the original dataset pro-
vided by TAs) with 14,266 source, 3582 plant, and 3027 WDZ 
observations.

Values below the limit of detection (LOD) formed 4.3% 
(n = 903) of the dataset, with LOD values ranging from 0.002 
to 0.5. A substantial majority (94%) of all LOD values were 
under 0.05. Given the limited clinical meaningfulness of val-
ues ranging between 0 and 0.05, based on the current drinking 
water standard (11.3 mg/L) or epidemiological thresholds for 
colorectal cancer (> 1 mg/L), we opted for taking the LOD as 
the measured value.

We conducted an outlier analysis to identify observations that 
were greater than 2 SD and 1 mg/L nitrate-nitrogen from the 
mean within sites. Overall, there were only 34 values that 
meet this definition and contributed < 1% of observations. We 
decided to include all outliers in the following data processing 

FIGURE 2    |    Overview of nitrate assessment data processing methods.
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steps as they are likely to make a negligible impact on the 
overall assessment (see Supporting Information for more 
information).

2.3.2   |   Stage Two: Creating Annual WDZ-Level Values 
From Source, Plant, and WDZ Values

There are complex relationships between source water, treat-
ment plants, and WDZ within drinking water networks. For 
example, there are one-to-many, many-to-many, and many-
to-one relationships between sources, plants, and WDZs. 
We used the 2006, 2011, and 2024 combined drinking water 
registries to identify the current and historical relationships 
between sources, treatment plants, and WDZs over time as 
well as identify supply components that have changed their 
official codes over time (for more information, see Supporting 
Information).

To generate WDZ values from source and plant water values, 
we followed the same process for source and plant values sep-
arately. We first linked raw water values (source, n = 14,578; 
plant n = 3853) with our relationship tables. Because sources 
and plants can serve water to multiple WDZ, the total number 
of observations increased to 32,146 for sources and 5623 for 
plants. Next, we generated an annual average nitrate level for 
each unique source and plant within a WDZ so that a WDZ 
supplied by two or more sources or plants was not dispropor-
tionately represented by a component with a higher frequency 
of testing. Lastly, to create an annual WDZ-level value derived 
from source or plant water values, we created a simple aver-
age of the associated annual source or plant water values for 
each WDZ. In total, there were 2698 source-derived and 1414 
plant-derived annual WDZ-level nitrate values. We had 3561 
WDZ nitrate sampling observations that were reduced to 1271 
annual WDZ values. In total, there were 5386 annual WDZ 
values derived from either source (n = 2698), plant (n = 1414), 
or WDZ (n = 1271). An analysis of the appropriateness of using 
source and plant observations to infer zone values is provided 
in Table S2.

2.3.3   |   Stage Three: Additional Processing

Three additional processing steps were taken to address some 
limitations and missing values. First, we excluded all source- 
and plant-derived annual nitrate values where there was already 
an observed value for that WDZ. We applied this exclusion be-
cause the water in the reticulation is the best representation of 
the water consumed by the population as it makes the fewest 
assumptions (e.g., the relative contribution of different sources). 
This resulted in a reduction of 1042 annual values from 5386 
to 4344.

Second, there are 252 WDZs that share the same source and 
treatment plant as one or more WDZs. This is because they are 
not actually spatially discrete from another network but repre-
sent a pressure zone within a larger network. These 252 WDZs 
fall within 84 “virtual” WDZs, where the finished water (partic-
ularly for non-microbial measures) is likely to be very similar. 
Consequently, when a value was available for one WDZ within 

a virtual zone and not another, this value was used for both, re-
sulting in an additional 516 imputed annual values.

2.3.4   |   Stage Four: Imputation

Third, in order to impute missing annual nitrate values, we used 
and compared 13 different imputation methods (median, mean, 
linear interpolation, polynomial interpolation [2°–4°], spline in-
terpolation [1–4 orders], K-nearest neighbors [k-NN], Bayesian 
ridge regression, eXtreme gradient boost [XGBoost]). Only the 
results for six methods (median, mean, spline interpolation 
[spline: 1], k-NN, Bayesian regression, XGBoost) are displayed 
in the main text, and others are available in the Supporting 
Information. Machine learning approaches used auxiliary data 
on farmed livestock counts and densities, annual total accumu-
lated rainfall and nitrate values from three neighboring zones 
in the final model. A full description of the methods used to as-
sess different imputation options and results is presented in the 
Supporting Information.

2.4   |   Linkage to Population Served

WDZs have been previously linked to meshblocks (administra-
tive areas with between 60 and 120 residents) for the years 2006, 
2013, and 2018 and linked meshblock-level census information 
on population, ethnicity and neighborhood deprivation (Puente-
Sierra et al. 2023). These 628 WDZs provide water to 4.1 million 
people (based on 2018 census information), which is approxi-
mately 85% of the total NZ population and is 99% of people on 
a registered water supply (Richards et  al.  2022). WDZ annual 
(actual and imputed) concentrations were linked to meshblocks 
and so can be linked to anyone that received water from a regis-
tered water supply operated by TAs in NZ.

Because so few nitrate values existed prior to 2000, we used 
2000 as the start of our observation period, continuing through 
to 2024, to measure data coverage. This provided a total pool of 
potential person-years of 102.5 million (based on 2018 popula-
tion census data and 25 years of observation).

2.5   |   Statistical Analysis

2.5.1   |   Imputation Analysis

Statistical performance metrics and plots used in imputation 
were generated in Python (Version 3.12). We performed a sen-
sitivity analysis of the imputation methods by evaluating their 
response to data loss over five increased missingness scenarios 
(10%, 30%, 50%, 70%, and 90% of original data levels) using syn-
thetic missing completely at random (MCAR) data. We used root 
mean squared error (RMSE) and R-squared (R2) for the impu-
tation methods' performance evaluation with RMSE as the pri-
mary assessment tool because low variance within-zone means 
R2 is sensitive to small prediction errors. We ranked (where 
the higher the number the better performer) and compared the 
imputation methods against each other at each level of miss-
ingness. We used a density plot to ensure imputed datasets' dis-
tribution was true to the original data.
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2.5.2   |   Population Served Analysis

All descriptive statistics and plots were generated in R (Version 
4.2.2). We used linear mixed effects models with a random ef-
fect for the WDZ to assess the difference in annual WDZ values 
in a given year when using the median or mean value as well as 
to compare annual values derived from source/plant observa-
tions compared to those measured at WDZ level. To calculate 
the population served with a valid nitrate value, we summed 
the 2018 population by WDZ (Puente-Sierra et  al.  2023). To 
calculate the person-years of observation, we multiplied the 
total population by the number of years of observation. To es-
timate the number of people exposed to varying levels of ni-
trate, we used the most recent sampling result from each WDZ. 
We categorized exposure into < 1.00 mg/L nitrate-nitrogen, 
1.00–5.64 mg/L (below half MAV), 5.65–11.2 (above half MAV), 
and ≥ 11.3 (above the MAV).

3   |   Results

3.1   |   Observed Nitrate Results Across the Dataset

In total, 599 WDZs had at least one nitrate measurement across 
the dataset that spanned from 2000 to 2024. The median num-
ber of observations across WDZs for the entire period was 7.0 
(IQR 2–17), with a minimum of 1 and a maximum of 347 obser-
vations. The median number of years of data across WDZs was 
5 (IQR 2–10), with a minimum of 1 and a maximum of 23 years. 
Across the 4000 annual values, the median and minimum num-
ber of observations contributing to an annual value was 1.0, 
whereas the mean count of observations was 2.5 and the maxi-
mum was 46 observations.

Figure  3 provides an overview of the population served from 
those WDZs in any given year, broken down by whether the 
value was derived from source or plant values, observed at WDZ 

level, or by virtual zone. Between 2000 and 2012, there was a 
modest increase in data that covered ~50% of the eligible popula-
tion. From 2013 to 2023, there was another increase in coverage 
to around 75% of the population having an annual value. In this 
period, most values were determined directly through measure-
ments within the WDZ.

3.1.1   |   .Imputation Results

Table 1 compares the performance of the selected imputation 
methods and their ranking relative to the other methods across 
different missingness ranges. There was no clear standout per-
former across the imputation methods except mean and me-
dian were consistently poorer than the others. Interpolation 
using spline at order one (spline1) and k-NN were ranked best 
for accuracy (RMSE) overall when comparing mean ranking 
across all levels of missingness (rank = 11.25). Spline1 was the 
best performing imputation method at lower levels of missing-
ness (10% and 30%) with RMSE = 0.69 and 0.70, respectively. 
However, the machine learning methods were more accurate 
and ranked the best (within 0.13 RMSE of each other) at higher 
proportions of missingness (50% or more), which is where most 
of the zones had missing values; 56% of zones have missingness 
of 50% or more, and of them, 68% of zones have 70% or more 
missing values.

Spline1 consistently ranked the best method for explaining vari-
ance (R2) across all missingness ranges although it only per-
formed better at 70% missingness (R2 = 0.47), ahead of XGBoost 
(R2 = 0.44) (Table S6). However, at lower levels of missingness 
(10%, 30%, and 50%) spline1 was only within 0.05 R2 points of 
the leading performers, Bayesian regression (at 10%, R2 = 0.87), 
and k-NN (at 30% and 50%, R2 = 0.78 and 0.52, respectively). 
XGBoost was at its worst within 0.11 R2 points of the leaders 
across the lower missingness levels (R2 = 0.82, 0.67, and 0.45, 
respectively).

FIGURE 3    |    Total population served using 2018 population estimates with a nitrate measurement from 1964 to 2024 by nitrate observation type.
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Nitrate-nitrogen imputation reconstruction of the data distribu-
tion for all methods imputed datasets (Figure S8) confirms that 
apart from k-NN, the underlying distribution of the methods 
compared to the original nitrate-nitrogen dataset remains true 
with a right skew and a single peak at the lower levels. The k-NN 
distribution is noticeably different from the other methods with 
a flatter structure and contains two peaks. This ruled k-NN out 
of consideration.

XGBoost was the method selected for imputation as it per-
formed better than Bayesian regression and spline1 at the 
higher levels of missingness and was on par at explaining the 
variance (R2).

In total, 8010 annual values were imputed using XGBoost impu-
tation into the final dataset with no temporal threshold for impu-
tation. Overall, the imputed values add an additional 51,685,859 
person-years of observation to the exposure dataset. Although 
imputed values contribute 62% of all annual values, they only 
contribute 46% of total person-years of observation. Table  S7 
demonstrates the impact of introducing arbitrary thresholds on 
the imputation process, for example, introducing a threshold of 
no more than 5 years between observations would result in the 
exclusion of 3892 observations, or 38% of the imputed dataset 
and 30% of the total dataset.

3.1.2   |   Final Coverage of Nitrate Assessment 
and Coverage at Each Step of the Aggregation 
and Imputation Process

Table  2 outlines the final coverage of the nitrate assessment 
defined by WDZs (any value), total population (any value), and 
person-years of observation between 2000 and 2024. When the 
exposure assessment was restricted to nitrate values measured 
within the WDZs, there were data for 192 WDZs (30.6%) serv-
ing 2,600,000 people (63%) and covering 26,000,000 person-
years (25.2%). Coverage of WDZs (94.4%) and population served 
(99.6%) substantially increased with the inclusion of values de-
rived from nitrate measurements at source or plant, whereas the 
person-years of observation increased to 39.7%. Inclusion of vir-
tual zone values did not impact the number WDZs or population 
served but increased person-years by an additional 8.4% of total 
person-years. Likewise, imputation has a substantial impact on 
the total person-years of observation, increasing total cover up 
to 89.8%. In total, 29 WDZs, serving less than 0.4% of the pop-
ulation and covering around 10.2% of all person-years, had no 
estimates for nitrate during this period.

Figure 4 provides an overview of the person-years of observa-
tion by TA from 2000 to 2024 shown in quintiles of coverage. 
Overall, the map shows that 60% of TAs had less than 25% 

TABLE 1    |    Imputation method performance measured as root mean squared error (RMSE) and ranking at varying levels and ranges of synthetic 
missing completely at random (MCAR). Best performer at each level is bolded.

Imputation method

Percent of synthetic missing 
at random introduced Mean rank for different missingness range

10% 30% 50% 70% 90% All % 10%–70% 30%–90% 50%–90% 70%–90%

Interpolation (spline: 1) 0.69 0.70 1.36 1.59 4.67 11.25 11.25 11.00 10.30 10.50

Mean 1.02 0.98 1.58 1.80 4.73 7.60 7.00 8.25 8.00 8.50

Median 1.41 1.17 1.69 2.04 5.00 5.40 5.00 6.00 6.3 6.50

XGBoost 0.83 1.00 1.23 1.30 2.24 10.40 10.00 11.00 12.30 12.50

k-NN 0.78 0.82 1.15 1.43 2.24 11.25 11.00 11.75 12.00 11.50

Bayesian regression 0.72 1.15 1.26 1.42 2.04 10.60 10.00 9.40 12.00 12.50

TABLE 2    |    The cumulative increase in coverage of the nitrate dataset across the aggregation and imputation methods from 2000 to 2024.

Aggregation and imputation 
methods

Water distribution 
zone (any value)

Population served 
(any value)a

Person-years of 
observationb

Total sample 628 100% 4,100,000 100% 103,400,000 100%

Observed WDZc 192 30.6% 2,600,000 63.0% 26,000,000 25.2%

•	 Derived 593 94.4% 4,100,000 99.6% 41,000,000 39.7%

•	 Virtual 599 95.4% 4,100,000 99.6% 49,700,000 48.1%

•	 Imputed 599 95.4 4,100,000 99.6% 92,800,000 89.8%

No data 29 4.6% < 100,000 0.4% 10,500,000 10.2%
aRounded to the nearest 100,000.
bCalculated from 2000 to 2024 using the 2018 populations associated with WDZ included in this analysis.
cObserved WDZ = nitrate value measured at the zone. Derived = a nitrate value derived from source or plant measurements. Virtual = a nitrate based on zone value 
from a zone with an identical supply structure (same sources and plants). Imputed = a nitrate value imputed based on XGBoost imputation.
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coverage in terms of person-years across this period. A further 
20% had coverage of between 25% and 49% and the top quintile 
was between 49% and 92%. In general, larger urban TAs such as 
Auckland, Christchurch, and Invercargill had greater coverage 
than smaller rural TAs.

3.1.3   |   Distribution of Nitrate Exposure on 
Registered Supplies

Table  3 provides an overview of the population exposed to 
varying levels of nitrate concentrations in registered council-
owned WDZ using the final dataset including imputed values. 

The values represent the most recent sample collected from 
each WDZ. In total, 81.2% of WDZs serving 95.3% of the 
population have a nitrate concentration of less than 1 mg/L 
nitrate-nitrogen. An additional 13.1% of WDZs serving 4.2% 
of the population have nitrate concentrations above 1 mg/L 
and below 5.65 mg/L (half the MAV). But an additional 1.1% 
of WDZs serving water to < 1% of the population have nitrate 
concentrations above 5.65 mg/L (including those above the 
MAV). The median nitrate concentration among WDZ was 
0.16 (IQR 0.04–0.60) and mean 0.69 (SD 1.99). The population-
weighted median was 0.05 (IQR 0.04–0.36), and mean was 
0.30 (SD 0.72), which were lower than WDZ-based summary 
statistics.

FIGURE 4    |    Percentage of person-years with a nitrate measurement between 2000 and 2024 across territorial authorities in New Zealand (see 
observed WDZ values in Table 2).
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4   |   Discussion

Our study has detailed the development of a national assess-
ment tool for nitrate contamination in publicly owned drink-
ing water supplies. After applying several processing steps, 
11,289 annual values for WDZs covering 111 million person-
years of observation were available for the 1964–2024 period. 
This includes imputed values that contributed 46.3% of the 
entire dataset. From 2000 onwards, almost all publicly owned 
WDZs serving 99.6% of the population on a registered supply 
have at least one nitrate measurement, whereas estimates in-
cluded 89.2% of person-years. Overall, the large majority of 
WDZs (81.2%) and people (95.3%) have nitrate concentrations 
below 1 mg/L nitrate-nitrogen in their publicly owned drink-
ing water supplies.

Imputation methods are common among similar nitrate assess-
ments in epidemiological studies (Espejo-Herrera et  al.  2016; 
Schullehner et  al.  2017; Ward et  al.  2003; Weyer et  al.  2001). 
However, it is not always clear why particular imputation meth-
ods have been selected, with some notable exceptions (Lafontaine 
et  al.  2024). In our analysis, we compared the model perfor-
mance of common imputation methods by introducing synthetic 
missing data in sensitivity analyses. In total, 46.3% of the entire 
dataset was generated via imputation methods. Previous stud-
ies investigating nitrate contamination had between 18% and 
87% of observation years imputed (Espejo-Herrera et  al.  2016; 
Lafontaine et al. 2024; Schullehner et al. 2017; Ward et al. 2003; 
Weyer et  al.  2001). Our results are consistent with previous 
assessments and contain a moderately high proportion of im-
puted values (Espejo-Herrera et al. 2016; Lafontaine et al. 2024; 
Schullehner et al. 2017; Ward et al. 2003; Weyer et al. 2001). As 
with previous studies, the historical under-sampling and issues 
with record keeping are persistent within NZ (Chambers, Hales, 
et al. 2022).

Our assessment spans 1964 to 2024; however, nitrate measure-
ments prior to 1997 were sparse. From 1996 to 2004, there was 
a national sampling programme to assess potential drinking 
water risks that resulted in the observed spike in testing seen in 

1997. From that point on, testing frequencies increased across 
NZ, with another spike around 2013. Consequently, with the in-
clusion of imputed data, the assessment from 2000 covers the 
majority (89.2%) of the available person-years of observation. 
Therefore, this dataset is more appropriate for examining health 
effects with shorter latency periods such as those associated 
with maternal or early childhood outcomes.

The distribution of nitrate concentrations across the population 
is very similar to a previous estimate (Richards et al. 2022). Our 
analysis suggested that 95.3% of the population on a council 
supply are exposed to nitrate concentration < 1 mg/L nitrate-
nitrogen compared to 86.9% from a 2022 assessment (Richards 
et al. 2022). The main differences between these studies are that 
the current study includes slightly more recent data (2024 com-
pared to 2021) and for more supplies (values missing for 18,000 
people compared to 126,627). Further, there have been notable 
nitrate exceedances in three small supplies in the Canterbury 
(Pareora and Waimate) and Otago (Gore) regions, which are rep-
resentative of wider nitrate contamination of freshwater in these 
areas (Prickett et al. 2023).

Internationally, population drinking water nitrate exposure 
distributions vary substantially. In France, national surveil-
lance data indicate that whereas most of the population is sup-
plied by distribution units with mean nitrate concentrations 
below approximately 5.6 mg/L nitrate-nitrogen, sizeable pro-
portions experience higher levels, with around 15% exposed to 
mean concentrations between ~5.6 and 9.0 mg/L (Ministere De 
La Sante et de Lacces aux soins  2024). In Denmark, approxi-
mately 80.7% of the population is exposed to nitrate in drinking 
water at levels below 0.87 mg/L, 9.9% at levels between 0.87 and 
2.09 mg/L, whereas a further 9.4% are at levels above 2.09 mg/L 
(Jacobsen et  al.  2024). By comparison, our finding that more 
than 95% of the New Zealand population on a public supply have 
nitrate concentrations below 1 mg/L suggests a distribution 
strongly concentrated at the low end, which is supported by a 
low population-weighted median of 0.05 mg/L nitrate-nitrogen. 
This contrast likely reflects differences in water supply struc-
ture (surface v groundwater), and agricultural pressures, as well 

TABLE 3    |    Distribution of nitrate concentrations across water distribution zones owned by territorial authorities and the population served by 
those zones in the final dataset.

mg/L nitrate-nitrogen WDZ % Population served %

Total 628 100 4,135,000 100

< 1.00 510 81.2 3,941,000 95.3

1.00–5.64 82 13.1 173,000 4.2

5.65–11.2 4 0.6 2000 < 0.1

> = 11.3 3 0.5 1000 < 0.1

No data 29 4.6 18,000 0.4

Summary statistic WDZ-weighted concentration
(mg/L nitrate-nitrogen)

Population-weighted concentration
(mg/L nitrate-nitrogen)

Mean (SD) 0.69 (1.99) 0.30 (0.72)

Median (IQR) 0.16 (0.04–0.60) 0.05 (0.04–0.36)

Abbreviation: WDZ, water distribution zone.

 15547531, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

er.70296 by M
assey U

niversity L
ibrary, W

iley O
nline L

ibrary on [23/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 12 Water Environment Research, 2026

as higher exposures associated with domestic self-supplies not 
being included in this current study.

4.1   |   Strengths and Limitations

This study has several strengths. First, the dataset covers almost 
the entire population of New Zealand that receives water from 
a registered water supply. Second, the raw data used were from 
accredited laboratory results retrieved directly from either the 
water supplier (e.g., TAs) or water regulators (MoH and Taumata 
Arowai). Third, we implemented and validated a range of differ-
ent methods to improve coverage including deriving values from 
source or treatment plant-level measurements, applying virtual 
zones and imputation methods, which were largely facilitated by 
documentation on the relationships between water supply com-
ponents received directly from water regulators.

There were also limitations. Information on the relative contribu-
tion of each water supply component (source or plant) to a WDZ 
was not available, so we could not estimate a weighted average of 
the supply component values. Further, some supply components 
may have had a greater frequency of testing within a given year, 
which would lead to more accurate annual estimates for some 
sources/plants than others. The impact of this limitation is probably 
small given the marginal difference between the source- or plant-
derived values and the WDZ values (see Supporting Information). 
Additionally, these minor differences extended to supplies with 
only a single source and treatment, which also suggests a propor-
tion of the difference between values is likely due to differential 
timing of testing within the year between different supply compo-
nents (e.g., source tested in March, WDZ tested in July).

There were difficulties with naming conventions for water sup-
ply components and unit measurements for nitrate (nitrate vs. 
nitrate-nitrogen). For the former, any supply component with-
out a valid ID was manually identified using information from 
historical drinking water registries. TAs were also contacted 
for clarification on any remaining records with vague naming 
conventions (e.g., “bore 13”). Any unmatched values after this 
process were excluded.

There were several limitations with the imputation methods and 
analysis. First, our best performing model (XGBoost imputa-
tion) included a relatively modest number of predictor variables 
that did not include information on soil type, other forms of land 
use outside livestock numbers, or information on groundwater 
redox status. Further, the covariates included were at a relatively 
coarse spatial resolution (e.g., regional). Second, the imputation 
analysis assumes that the observed values in any given year are 
representative of the actual annual nitrate value. For example, 
most annual estimates in this dataset are derived from a single 
measurement. The supplementary results showed there was a 
preference to test in autumn, which had slightly lower nitrate 
values than in spring (0.16 mg/L nitrate-nitrogen) and winter 
(0.16 mg/L nitrate-nitrogen) across all water supply components. 
Of annual values relying on a single test that are most vulner-
able to seasonal bias, 35% were conducted in autumn, 27% in 
summer, 23% in spring, and 15% in winter. These results suggest 
that if there is a seasonal bias in the data, it is likely towards 
slightly lower values (e.g., 0.16 mg/L on average).

There is an important limitation with generalizing from this 
study to estimate nitrate exposure for the whole population of 
NZ. The exposure estimates here could only include the regis-
tered water supplies that cover about 85% of the resident NZ pop-
ulation. The non-registered water supplies are largely small and 
often in more rural areas, so may have higher nitrate levels. A 
recent report from the Ministry for the Environment stated that 
“up to 10 per cent of unregistered supplies probably have median 
concentrations in excess of the nitrates MAV”(Ministry for the 
Environment 2022, 45).

4.2   |   Future Improvements to the Surveillance 
of Drinking Water Quality

The limitations of nitrate exposure surveillance highlighted in 
the previous section should be addressed to ensure the system is 
better able to support its intended purpose of protecting public 
health. It is also important that the data are adequate to support 
longer-term assessment of trends in the level and distribution 
of nitrate exposure and research of the kind described in this 
report.

In part, some of these limitations have been addressed by the 
New Drinking Water Quality Assurance Rules, which came into 
effect in November 2022 and set out the frequency that drinking 
water from water supply components (source, treatment, and 
reticulation) must be monitored for key determinands, includ-
ing nitrate (Taumata Arowai 2022). However, further improve-
ments could include:

1.	 More frequent sampling for small supplies serving 26–100 
people (currently once every 3 years) and median supplies 
serving 101–500 people (currently annually).

2.	 Monitoring at the WDZ level for supplies with two or more 
sources (as all current monitoring is done at the source) 
or information on the relative contribution from different 
sources to a particular water supply.

3.	 Strict implementation of a data standard to ensure data 
are collected and maintained in a standardized format. 
Data received from Taumata Arowai showed determi-
nands were specified using free text (e.g., “nitrate from 
bore 2”) and had inconsistent unit measurements (a com-
bination of nitrate and nitrate-nitrogen), which were dif-
ficult to verify.

4.	 Appropriate sanctions for supplier noncompliance with the 
testing regime.

5.	 Systematic monitoring of a sample of nonregistered sup-
plies to estimate exposures for the population served by 
these sources, which could be facilitated by Regional 
Councils responsible for source water protection and envi-
ronmental regulation.

5   |   Conclusions

This extensive assessment provides the foundation for epide-
miological research into the health effects of nitrate contami-
nation of drinking water in New Zealand. The effectiveness of 
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the system for drinking water nitrate surveillance could be en-
hanced in several ways that would improve its ability to meet its 
intended purpose.
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