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A B S T R A C T   

Background: Epidemiological evidence in multiple jurisdictions has shown an association between nitrate 
exposure in drinking water and an increased risk of colorectal cancer (CRC). 
Objective: We aimed to review the extent of nitrate contamination in New Zealand drinking water and estimate 
the health and financial burden of nitrate-attributable CRC. 
Methods: We collated data on nitrate concentrations in drinking water for an estimated 85% of the New Zealand 
population (~4 million people) who were on registered supplies. We estimated nitrate levels for the remaining 
population (~600,000 people) based on samples from 371 unregistered (private) supplies. We used the effective 
rate ratio from previous epidemiological studies to estimate CRC cases and deaths attributable to nitrate in 
drinking water. 
Results: Three-quarters of New Zealanders are on water supplies with less than 1 mg/L NO3-N. The population 
weighted average for nitrate exposure for people on registered supplies was 0.49 mg/L NO3-N with 1.91% (95% 
CI 0.49, 3.30) of CRC cases attributable to nitrates. This correlates to 49.7 cases per year (95%CI 14.9, 101.5) at a 
cost of 21.3 million USD (95% 6.4, 43.5 million USD). When combining registered and unregistered supplies, we 
estimated 3.26% (95%CI 0.84, 5.57) of CRC cases were attributable to nitrates, resulting in 100 cases (95%CI 
25.7, 171.3) and 41 deaths (95%CI 10.5, 69.7) at a cost of 43.2 million USD (95%CI 10.9, 73.4). 
Conclusion: A substantial minority of New Zealanders are exposed to high or unknown levels of nitrates in their 
drinking water. Given the international epidemiological studies showing an association between cancer and 
nitrate ingestion from drinking water, this exposure may cause an important burden of preventable CRC cases, 
deaths, and economic costs. We consider there is sufficient evidence to justify a review of drinking water 
standards. Protecting public health adds to the strong environmental arguments to improve water management 
in New Zealand.   

1. Introduction 

Colorectal cancer (CRC) contributes almost 10% of global cancer 
incidence (Favoriti et al., 2016). There are major geographic variations 
in CRC burden worldwide, with high-income countries such as New 
Zealand (NZ) experiencing markedly higher CRC rates (35.3 
age-standardised cases per 100,000) compared with low and 

middle-income (Bangladesh 3.8 cases per 100,000) (Bray et al., 2018). 
Māori (NZ’s Indigenous population) experience lower rates of CRC than 
non-Māori, although this gap is reducing over time. Further, while 
experiencing fewer CRC registrations than non-Māori, Māori are more 
likely to die from CRC (Blakely et al., 2015). 

An estimated 90% of CRCs are sporadic (non-hereditary), meaning 
they develop after birth due to a range of modifiable risk factors (Purcell 
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et al., 2017). Common risk factors for CRC include obesity, alcohol 
consumption, physical inactivity, smoking, and red and processed meat 
consumption (Bray et al., 2018). Emerging epidemiological evidence has 
shown that high nitrate concentrations in drinking water may also be a 
risk factor for CRC (Temkin et al., 2019; Ward et al., 2018). 

An International Agency for Research on Cancer (IARC) assessment 
of studies up to 2006 reported that ingested nitrate under conditions that 
result in endogenous nitrosation is probably carcinogenic to humans 
(International Agency for Research on Cancer, 2010). Endogenous 
nitrosation is a process that involves the reactions between nitrosation 
agents (metabolised from nitrate) and nitrosatable compounds (eg 
amines or haeme) to form N-nitroso compounds (NOC). These NOC 
induce DNA-damaging metabolites, which could lead to cancerous le
sions in cells (Gurjao et al., 2021; Zhu et al., 2014). Vitamin C is a known 
inhibitor of nitrosation so vegetables are a key moderator in this 
pathway. The role of Vitamin C may explain why vegetable consumption 
has a protective effect against CRC despite the majority of ingested ni
trate coming from vegetables (Johnson et al., 2013). In contrast, water 
does not contain any NOC inhibiting features. A randomised-controlled 
trial with human participants showed water-based nitrate increased 
bio-makers of NOC formation in faeces (van Breda et al., 2019), which 
supports human feeding studies focusing on dietary nitrate consumption 
(Hughes et al., 2001; Rowland et al., 1991). 

International guidelines for nitrate in drinking water are designed to 
prevent the acute risk of infantile methemoglobinemia, rather than the 
chronic risk of cancer (World Health Organization, 2017). Thus, the 
current WHO drinking water guidelines and NZ drinking water stan
dards for nitrate are 11.3 mg/L nitrate-nitrogen (NO3-N – referred to 
from here on simply as mg/L). However, subsequent well-designed 
studies have reported associations between nitrate contamination in 
drinking water and CRC (Espejo-Herrera et al., 2016; Schullehner et al., 
2018; Ward et al., 2018). 

Nitrate contamination of drinking water can come from agricultural 
activities, sanitation and from industrial processes (Almasri, 2007). The 
largest source of nitrate contamination in NZ waterways is from pastoral 
farming, specifically from intensive dairy farming (Morgenstern and 
Daughney, 2012). Nitrate leaching from urine patches is the largest 
source of nitrate contamination from pastoral farming (Parliamentary 
Commissioner for the Environment, 2013). There is relatively little ni
trate leaching from fertilizer application unless the fertilizer application 
is poorly timed, such as a few days before a high rainfall event (Vogeler 
et al., 2015). Pre-agricultural, background nitrate levels in groundwater 
in NZ are estimated to have been 0.16 ± 0.08 mg/L (Morgenstern and 
Daughney, 2012). The latest survey of groundwater sites, but not 
necessarily drinking water, (n = 342) in NZ found 34% had concentra
tions above 3 mg/L (Ministry for the Environment & Stats NZ 2019) 
However, in NZ, no comprehensive national database for drinking water 
nitrate contamination exists. 

Drinking water quality in NZ is regulated under the Health (Drinking 
Water) Amendment Act 2007 (2019) by the Ministry of Health (MoH). 
This Act requires suppliers of drinking water to more than 25 people to 
be included on the Register of NZ Drinking Water Suppliers. In 2020, 
there were 677 registered drinking water suppliers, serving approxi
mately 4,095,200 people (ESR, 2020) or ~87% of the 2018 population 
(Statistics New Zealand, 2020). About 13% of the population (~603,500 
people) (ESR, 2020) is not served by a registered drinking water supplier 
(Statistics New Zealand, 2020). These people are likely to be served by 
either very small networked supplies or are classified as self-supplied. 
For the purposes of our analyses we call these ‘unregistered supplies.’ 

In New Zealand. the ‘Priority 2 Chemical Determinand Identification 
Programme ran between 1995 and 2004 (ESR, 2019). If a determinand 
was found to be less than 50% of the Maximum Acceptable Value (MAV) 
ongoing monitoring was not deemed to be required, meaning any water 
supply reporting less than 5.7 mg/L was not required to conduct ongoing 
testing. As a result, in 2019, nitrate monitoring was only required on 
supplies that serviced 53,900 people or 1.1% of the NZ population 

(Ministry of Health, 2020). 
The burden of CRC attributable to nitrate contaminated water has 

not been estimated in NZ. Temkin et al. (2019) estimated between one 
and eight percent of CRC cases in the US could be attributable to nitrate 
contamination in drinking water. A NZ study has estimated the CRC 
rates attributable to other known risk factors such as obesity (9%), 
alcohol (7%), physical inactivity (4%), smoking (3%), consumption of 
red meat (5%) and processed meat (3%) (Richardson et al., 2016). These 
estimates represent the population attributable fractions (PAF), the 
proportion of disease in the population that could be prevented if the 
modifiable risk factor (or exposure) was eliminated (Webb et al., 2017). 

The aims for this present study are to: 

1) Estimate the nature and extent of New Zealanders’ exposure to ni
trate in drinking water.  

2) Estimate the number of colorectal cancers attributable to nitrate 
contamination of drinking water.  

3) Estimate the potential health costs associated with excess nitrate 
concentrations in drinking water. 

2. Methods 

2.1. Nitrate contamination dataset 

Data requests for current and historical nitrate data, supply charac
teristics and spatial files for supply boundaries were sent to the 66 
District Councils in January 2020. Most District Councils treated the 
data request as an Official Information Act (OIA) Request under the 
Local Government Official Information and Meetings Act 1987, which 
requires the District Council to provide an official response within 20- 
working days. Due to privacy restrictions, contact details for private 
non-District Council drinking water suppliers are not publicly available 
and could not be provided by the MoH for this study. The MoH Drinking 
Water Team invited 119 private drinking water suppliers (out of a total 
of 319) to participate in the study Drinking water nitrate data was 
requested from the private suppliers that agreed to be contacted for the 
study. 

In March 2020, we requested nitrate data from Regional Councils 
(responsible for environmental monitoring), for bores that have been 
previously identified as being for domestic or community water sup
plies. Regional Councils are responsible for the management of natural 
and physical resources of a region, including source water for drinking 
water supplies (Ministry for the Environment, 2021). In addition, water 
samples were collected by one of the authors (JR) and analysed for ni
trate from 20 unregistered supplies in the Southland District in 
December 2020. 

2.2. Colorectal cancer dataset 

Colorectal cancer incidence and mortality data for the year 2013 
were retrieved from the Ministry of Health reporting series Cancer 
Registrations and Deaths (Ministry of Health, 2016). More recent data on 
CRC deaths are not freely available but there has been limited variability 
in CRC cases between 2013 (3075 cases) and 2018 (3189 cases). In 
2013, there were 3075 new CRC cases and 1252 CRC deaths. 

2.3. Calculating nitrate exposure 

The current nitrate concentration for each registered water supply 
was calculated based on the average of 2018–2020 results using the 
nitrate data collected from the registered water supplies. Where a sup
plier did not have any results from the 2018–2020 period, the most 
recent result was used in the database. Nitrate samples from the retic
ulation or water treatment plant were used in preference to raw source 
water samples, where available. Where water is supplied from multiple 
sources with differing nitrate levels the nitrate level for the supply was 
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calculated as a weighted average based on the proportional contribution 
of each source (when known). 

In NZ, District Health Boards (DHBs, n = 20) are organisations 
responsible for providing or funding the provision of health services in 
their district (Ministry of Health, 2021). We calculated the 
population-weighted average exposure for each DHB and for the NZ 
population. 

Exposure to nitrate in drinking water for those served by unregis
tered supplies was estimated based on the nitrate data collected from 
sampling unregistered supplies in one region and from the data provided 
from the Regional Councils in five other regions. The nitrate levels for 
the water sources in the Regional Council supplied data were calculated 
based on the average of the 2018 to 2020 results for each source. The 
nitrate levels for the unregistered water supplies sampled by the 
researcher were calculated based on the average of the results of the 
analyses for each supply. 

To establish the average exposure on unregistered supplies for NZ 
and for each DHB we followed the same process as for registered sup
plies. However, the average exposure was multiplied by 0.75 to account 
for the estimated 25% of people relying on rainwater in these supplies as 
reported by the Institute of Environmental Science and Research (ESR) 
Data (ESR, 2019), the only data source available on the distribution of 
water source types (rainwater versus ground or surface water) for un
registered supplies. 

2.4. Statistical analysis 

To calculate the PAF for nitrate attributable CRC in NZ, we first 
created an effective risk ratio by multiplying the average exposure by 
the relative risk from Temkin’s meta-analysis (average nitrate concen
tration x 0.04). This effective risk ratio was used in the standard popu
lation attributable fraction formula below in place of the relative risk 
(RR):  

PAF = Pe (RR− 1)/[Pe (RR− 1)+1] x 100%                                              

where: 
PAF is the population attributable fraction. 
Pe is the prevalence of exposure. 
RR is the relative risk. 
Because we calculated an effective risk ratio based on the average 

exposure, the prevalence of the risk factor was 100%. Confidence in
tervals were calculated by running additional PAF analyses using the 
lower and upper confidence intervals from the Temkin meta-analysis 
(1.01, 1.07). 

2.5. Direct and indirect costs of colorectal cancer in New Zealand 

To estimate the economic burden of nitrate contamination in 
drinking water we used available estimates of the direct and indirect 
costs of each CRC case. The economic cost of direct medical treatment 
for CRC in NZ is estimated to be 31,000 USD per case (Blakely et al., 
2015). The indirect costs of each healthy year of life lost is estimated at 
50,000 USD (Temkin et al., 2019). There is an estimated eight years of 
healthy life lost per diagnosed CRC case in NZ (Ministry of Health, 
2013). Thus, the estimated indirect cost of each CRC case is 400,000 

USD (e.g. 8 × 50,000). In total, we estimated the cost of each additional 
CRC case costs around 431,000 USD (400,000 + $31,000). 

3. Results 

3.1. Nitrate database completeness by supply type 

In total, we collated nitrate data on an estimated 85% of the NZ 
population (Table 1). The majority of the data come from large water 
suppliers (3.4 million, 73%) who supply more than 10,000 people, while 
supplies with less than 25 people service around 13% of the population. 
The data coverage increases with the size of the water supplier from 
0.4% for under 25 people to 100% for suppliers serving greater than 
10,000 people. It is likely people on unregistered supplies are the most 
at-risk of nitrate contamination due to their typically rural residence 
being closer proximity to sources of nitrate leaching and because their 
water supply does not have the same regulatory monitoring that is 
carried out by registered water suppliers. 

3.2. Exposure to nitrate in drinking water in New Zealand 

The number of people in NZ exposed to nitrate at different thresholds 
is shown in Fig. 1. Among those on registered supplies, more than 65% 
of the population were exposed to less than 0.5 mg/L and an additional 
10% less than 1 mg/L. Around 6% were exposed to between 1 and 2 mg/ 
L, while 2.5% were exposed to greater than 2 mg/L. Approximately 4400 
people (0.1% of the population) were exposed to greater than 50% of the 
MAV (5.7 mg/L). The numbers of people for whom there are no avail
able nitrate data in the database are also shown, separated into those 
served by registered supplies (n = 126,627) and those served by un
registered supplies (n = 603,566). In total, 410,292 people were exposed 
to greater than 1 mg/L while 730,193 have an unknown level of 
exposure. 

3.3. Estimating nitrate exposure in unregistered supplies 

The average nitrate level recorded across the 371 unregistered sup
plies was 5.04 mg/L (range 0.01–26.00, SD 5.08 mg/L). We calculated 
the population-weighted average exposure for this population and 
assumed that this was representative of national exposures for people on 
unregistered supplies. We then multiplied this estimate by 0.75 to ac
count for the estimated 25% of people on rainwater (ESR, 2019). Thus, 
we used 2.76 mg/L as our estimate for the average exposure of people on 
unregistered supplies. 

3.4. Population attributable fraction of colorectal cancer from nitrate in 
New Zealand drinking water 

Cancer registry data show that there were 3075 cases of CRC and 
1252 deaths from CRC in NZ in 2013. We calculated that the average 
nitrate exposure for New Zealanders on a registered water supply (84% 
of the total population) was 0.49 mg/L (Table 2). We estimated that the 
population attributable fraction from this exposure is 1.91% (95%CI 
0.49 to 3.30), amounting to 50 CRC cases (95%CI 14.9 to 101.6) and 20 
CRC deaths (95%CI 5.1 to 34.9) at a cost of 21.3 million USD (95%CI 6.4 

Table 1 
Nitrate data compiled in the nitrate database on New Zealand drinking water by water supply size category.  

Drinking water supply category and size (number of people)  

Unregistered 
(<25) 

Neighbourhood 
(25–100) 

Small 
(101–500) 

Minor 
(501–5000) 

Medium 
(5001–10,000) 

Large 
(>10,000) 

Total 

Total with data 2593 1988 34,055 303,796 158,053 3,471,670 3,972,155 
No data 600,973 8863 23,187 73,664 21,203 0 727,890 
Population 603,566 10,851 57,242 377,460 179,256 3,434,362 4,662,737 
% data coverage 0.4% 18% 59% 80% 88% 100% 85%  
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to 43.5) per year. These estimates double when we account for the po
tential burden from the 15.6% of New Zealanders who are currently 
supplied by unregistered suppliers and are at most risk of contaminated 
drinking water. When registered and unregistered supply estimates are 
combined, we estimated nitrate contamination contributes to 100.3 
attributable CRC cases (95%CI 25.7 to 171.3) and 40.8 CRC deaths (95% 
CI 10.5, 69.7) at the cost of 43.2 million USD (95%CI 10.9 to 73.4) per 
year. 

4. Discussion 

The majority of people in NZ are on water supplies with low levels of 
nitrate contamination (less than 0.5 mg/L). In total, 410,292 people 
supplied by registered water suppliers (9%) had nitrate exposure greater 
than that observed by Schullehner et al. (2018) as a CRC risk (1 mg/L). 
However, there are a large proportion of people on unregistered supplies 
(600,000 or ~15%) who are at the greatest risk of exposure to nitrate in 
drinking water, and data were missing from an additional 130,000 
people. Thus, while some areas appear to have low levels of nitrate 
contamination, this may be due to unaccounted unregistered supplies or 
registered supplies with missing data. When accounting for unregistered 
supplies we estimate a PAF of 3.26%, resulting in 100 
nitrate-attributable CRC cases, 41 deaths and costs of 43.2 million USD 
each year. 

This study found NZ generally has lower exposure to drinking water 
nitrate than European countries or the US. At the lower end, 14.4% 
(including unregistered supplies) of New Zealanders are exposed to 
greater than 1 mg/L in drinking water, compared to 28.9% in the United 
States (Temkin et al., 2019). At the higher end, only 2.2% of the NZ 
population is exposed to greater than 5 mg/L in drinking water, 
compared to an estimated 6.5% of the population of 12 European Union 
member states (van Grinsven et al., 2010). Intensive agricultural activ
ities have been practised for much longer in Europe and the US than in 
NZ, and this history may be why nitrate contamination is less in NZ. 
However, increases in pollution since 1990 in NZ are starting to move 

through ground water systems, as reflected in ground water monitoring 
conducted by regional councils (not necessarily drinking water supplies) 
which has shown nitrate levels at 62% of sites have increased since 2005 
(Statistics New Zealand, 2019a). Increases are likely due to major 
scaling up of dairy farming which has seen a 50% increase in stocking 
numbers since 1990, with an estimated 130 million kilograms (kg) of 
nitrate leached in 2017 alone (a 73% increase from 1990 levels) (Sta
tistics New Zealand, 2019b). 

4.1. Nitrate-attributable colorectal cancer 

We estimated that 50 CRC cases and 21 deaths (1.91%) were 
attributable to nitrate contamination in people on registered supplies in 
NZ, and 100 cases and 41 deaths (3.26%) in the total population when 
accounting for people on unregistered supplies. These estimates sit on 
the lower end of Temkin’s estimates of 4% (95%CI 1–8%). We applied 
Temkin’s dose-response effective rate ratio to account for the potential 
impact of nitrate exposure, even at low levels. This calculation assumes 
that there is a linear, no threshold effect of nitrate exposure on CRC risk. 
We acknowledge there is still debate over whether there is a threshold 
effect of nitrate exposure. To explore the impact of a threshold effect, we 
conducted PAF analyses applying rate ratios from both Schullehner et al. 
(2018) (0.87–2.03 mg/L, RR 1.11; >2.04, RR 1.15) and Espejo-Herrera 
et al. (2016) (>1.56, RR 1.49) as the threshold (Supplementary Table 1). 
In these analyses, the estimated PAFs were 2.14% and 5.60% with an 
estimated 69 and 180 CRC cases, respectively. Consequently, our linear 
effect estimate sits in between these two threshold effect estimates. 

Exposure to nitrate in drinking water may have a similar significance 
to the established risk factors of high consumption of red meat, physical 
inactivity, processed meat, alcohol and smoking, that have estimated 
PAFs between 2.5 and 4.8% in NZ (Richardson et al., 2016). Our PAF 
estimate for nitrate-attributable CRC is below some of these other risk 
factors but it is of as much, if not more, concern for various reasons. 
Unlike other risk factors of CRC such as alcohol or tobacco, access to 
clean water is a fundamental human right under the United Nations 

Fig. 1. Distribution of nitrate exposure from drinking water in New Zealand presented in NO3-N mg/L.  

Table 2 
Estimated population attributable fraction of colorectal cancer from nitrate contamination of drinking water in New Zealand.  

Supply type NZ Population 
(%) 

Nitrate concentration mg/L 
NO3-N 

Effective risk 
ratio 

PAF as % Attributable 
cases 

Attributable 
deaths 

Economic costs per year 
(million USD) 

Registered 
supplies 

84.4 0.49 1.020 (1.005, 
1.034) 

1.91 (0.49, 
3.30) 

49.7 (14.9, 
101.6) 

20.2 (5.1, 34.9) 21.3 (6.4, 43.5) 

All supplies 100 0.84 1.034 (1.008, 
1.059) 

3.26 (0.84, 
5.57) 

100.3 (25.7, 
171.3) 

40.8 (10.5, 69.7) 43.2 (10.9, 73.4)  
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Resolution 64/292 (United Nations General Assembly, 2010) and is 
enshrined as one of the 17 United Nations’ Sustainable Development 
Goals (United Nations General Assembly, 2015). In NZ, water is a taonga 
(treasure), failing to protect water is a breach of Te Tiriti o Waitangi (the 
Treaty of Waitangi), NZ’s constitutional document between the Crown 
and Māori (New Zealand’s indigenous population) (Stewart-Harawira, 
2020). Failings in water management have been and continue to be the 
subject of multiple claims to the Waitangi Tribunal, the court established 
by the NZ Government to hear claims by Māori iwi (tribes) and hapu 
(sub-tribes) against Crown for breaches of Te Tiriti o Waitangi. 

4.2. Costs of nitrate contamination and remediation 

The direct and indirect costs of nitrate-attributable cancer in NZ was 
estimated at 43.2 million USD per year (431,000 per case). A European 
economic analysis estimated that each kg of nitrate leached had a health 
cost due to CRC of 0.90 USD (van Grinsven et al., 2010). Translated to 
NZ, the health cost = from nitrate-attributable CRC would be 118 
million USD (130 million *0.90) from dairy farm leaching alone (Sta
tistics New Zealand, 2019b). Van Grinsven’s estimates may be an un
derestimate given they only consider health effects at exposure greater 
than 5.5 mg/L despite the majority of the population burden of disease 
likely occurring below this threshold. 

Once a water supply is contaminated with nitrate it is very difficult 
and costly to remove. The cost of removal depends on the system used, 
the size of the water supply and the extent of the contamination and 
required removal. The most commonly used and cost effective is ion- 
exchange where nitrate ion is substituted for another ion (Schechinger 
and Cox, 2018). A recent cost estimate for ion-exchange treatment sys
tem for one NZ city water supply was between 597 million and 1547 
million USD (Birdling, 2020). Even once water is treated, there is the 
issue of removing the waste brine of concentrated nitrate. 

4.3. Water reforms in New Zealand 

In NZ, there are major policy and structural changes that provide an 
opportunity for meaningful action on drinking water. The first major 
opportunity is through the establishment of an independent water 
regulator, Taumata Arowai. Taumata Arowai may have the potential 
authority to review, implement and enforce drinking water standards in 
NZ (New Zealand Parliament 2021), including establishing a nitrate 
limit for chronic health conditions. As such, the new water regulatory 
could set a lower nitrate limit for drinking water, upon appropriate 
health advice. Some Regional Councils are already targeting limits much 
lower than the current 11.3 mg/L to improve their drinking water assets 
(Environment Canterbury is proposing setting limits of 5.65 mg/L). 
Taumata Arowai will also require smaller suppliers to register and 
regularly monitor their water supplies resulting in a more comprehen
sive national database of water contaminants. Finally, Taumata Arowai 
may require all persons who perform or exercise functions, powers, and 
duties under the legislation to give effect to Te Mana o te Wai (New 
Zealand Parliament 2021). Te Mana o te Wai is an approach to water 
management that recognises the fundamental relationship between the 
health of the water and wider societal outcomes, placing the health of 
the water before all else (Te Aho, 2019). The Water Services Bill oper
ationalised Te Mana o te Wai through its prevention focused risk man
agement approach that requires suppliers to have a Water Safety Plan 
and Water Source Protection Plan. Drinking water suppliers will be 
required to monitor the source water quality, in addition to the treated 
water, to uphold the health of source water and action Te Mana o te Wai. 

There are also opportunities to improve drinking water and reduce 
nitrate contamination via freshwater reforms. New Zealand has a Na
tional Policy Statement for Freshwater Management (NPS-FM) which 
was enacted in 2011 that sets national bottom lines for median nitrate of 
6.7 mg/L (2014) and 2.4 mg/L (2020) (New Zealand Government 2014, 
2020). These limits are still higher than the 1 mg/L recommended by the 

Government Water Taskforce and were implemented two decades late 
(the NPS is part of the Resource Management Act 1991) (Joy and Can
ning, 2020). In 2020, the freshwater reform package was announced 
which included a nitrogen fertilizer cap of 190 kg N/ha/yr in 2021, stock 
exclusion from waterways wider than 1 m from 2023 and limits on 
high-risk farming practices such as winter grazing. Some of the reforms 
are still being considered (such as nitrate bottom lines), while freshwater 
advocates are pushing for tougher restrictions (Dreaver, 2020). This 
study provides support for more stringent water reforms and demon
strates the potential health loss from relaxed legislation. 

4.4. Strengths and limitations 

There are a number of strengths with this study. We achieved a 
relatively high coverage of the NZ population in our nitrate database, 
compiling data from individual suppliers from all over the country. Our 
study gives the first comprehensive view of the distribution of nitrate 
contamination in drinking water in NZ and identified where gaps exist. 
Further, our national estimate adds to the limited global evidence of 
national-level nitrate exposure estimates. Another strength was the use 
of historical data and sampled data from Regional Councils to estimate 
the potential exposure of people on unregistered supplies. Compared to 
other studies (De Roos et al., 2003; Espejo-Herrera et al., 2016), our 
exposure estimates for unregistered supplies is low – but as noted earlier, 
the effects of NZ dairy intensification may only just be starting to in
fluence groundwater quality. Lastly, we were able to estimate the po
tential nitrate-attributable CRC rates in NZ using three methods 
(Espejo-Herrera et al., 2016; Schullehner et al., 2018; Temkin et al., 
2019), that account for both a linear and threshold effect of nitrate 
exposure on CRC. 

Population-based studies in Denmark, USA, Spain and Italy have 
reported an increased risk of CRC from nitrate concentrations well 
below the regulatory guidelines (De Roos et al., 2003; Espejo-Herrera 
et al., 2016; Schullehner et al., 2018; Weyer et al., 2001). Some studies 
have produced mixed results with null findings or non-linear relation
ships between water-based nitrate and CRC (De Roos et al., 2003; Jones 
et al., 2019; McElroy et al., 2008; Weyer et al., 2001). These studies were 
conducted on specific populations such as older women aged 55–69 
(Jones et al., 2019; Weyer et al., 2001) or rural populations (McElroy 
et al., 2008) limiting their generalisability. These studies have also had 
small samples when split across multiple exposure groups, with some 
trials having as few as five cases in the top exposure bracket (McElroy 
et al., 2008) and as few as 30 cases overall. 

The two most methodologically rigorous studies conducted to date 
on nitrate contamination and CRC are Schullehner et al. (2018) and 
Espejo-Herrera et al. (2016). Schullehner et al. (2018) was a 
nation-wide, cohort study across the Danish population (n = 3 million, 
with 44 million observed person-years). Annual average drinking water 
nitrate concentrations were assigned to each individual in the study by 
linking their residential history to a national nitrate database for public 
and private water supplies that dates back to 1978. The authors found an 
11% increased risk of CRC for individuals exposed to average drinking 
water nitrate concentrations above 0.87 mg/L compared to individuals 
with less than 0.30 mg/L. The study had a large sample, with a robust 
exposure measurement and adjusted for key confounders (age, sex, 
socio-economic status). Note, that in Denmark, other major risk factors 
for CRC such as alcohol, smoking and diet are socially patterned so were 
indirectly adjusted for with the included variables. Espejo-Herrera 
(2016) was a case-control study with 1869 CRC cases matched with 
3530 controls in Spain and Italy. Nitrate levels were assigned to each 
individual based on the participant’s residential history, nitrate data was 
collected from public and private supplies and authors adjusted for 
participants reported daily water intake. Long-term exposure to 
nitrate-nitrogen concentrations above 1.61 mg/L was associated with 
49% increased CRC risk compared to individuals with concentrations 
less than 0.80 mg/L (reference group). Key confounders (sex, age, SES, 
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physical activity, smoking and family history of CRC) were adjusted for 
in analyses. A recent meta-analysis did not consider a safe lower level, 
but reported a 4% increase in CRC risk per mg/L increase in nitrate 
concentrations (OR 1.04, 95%CI 1.01, 1.07) (Temkin et al., 2019).The 
current study did not aim to establish causality but relies on the previous 
epidemiological evidence showing an association between nitrate and 
CRC and as such it does not directly assess the relationship between 
individual exposure to nitrate and CRC. While we used a sub-sample of 
unregistered supplies, there is a major gap in our knowledge with those 
most at risk being most likely to not have nitrate exposure data. Our 
exposure estimate for unregistered supplies is a preliminary estimate 
that is likely conservative in comparison to other studies (De Roos et al., 
2003; Espejo-Herrera et al., 2016). Further, applying an exposure esti
mate uniformly across the country does not account for the 
inter-regional differences in the factors like soil type and rainfall that 
influence nitrate leaching. As such, drawing conclusions at a regional 
level based on these extrapolations may misrepresent the potential risk 
in some areas. 

Further surveillance and research could improve the robustness of 
disease burden estimates described in this paper. The most urgent need 
is for comprehensive testing data on nitrate levels and water sources 
used by unregistered supplies. NZ may also be able to add to the small 
international evidence base on the relationship between nitrate levels 
and risk of CRC. One limitation of conducting such research in this 
country is that nitrate levels and exposures have been relatively low 
historically, though are rapidly increasing at present, so it may be hard 
to measure dose-response relationships in this setting. 

5. Conclusion 

Most New Zealanders are exposed to relatively low levels of nitrate 
but some are exposed to high levels (eg 14% exposed to water supplies 
with more than 1 mg/L NO3-N), and many take water from supplies that 
are not monitored for nitrate. Consequently, we estimate that about 3% 
of CRC cases in NZ may be attributed to nitrate contamination of 
drinking water. Recent epidemiological studies of the association be
tween cancer and nitrate ingestion from drinking water reinforce the 
urgency to review the drinking water standards in NZ. There are op
portunities in this country, with the establishment of a new water 
regulator, operationalisation of Te Mana o te Wai, comprehensive water 
services legislation and freshwater reforms, for transformative change of 
drinking water management. 
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