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RESEARCH ARTICLE

Nitrogen loads to New Zealand aquatic receiving
environments: comparison with regulatory criteria
Ton H. Sneldera, Amy L. Whitehead b, Caroline Frasera, Scott T. Larnedb and
Marc Schallenbergc

aLWP Ltd, Unit 13, Christchurch, New Zealand; bNational Institute of Water and Atmospheric Research,
Riccarton, New Zealand; cDepartment of Zoology, University of Otago, Dunedin, New Zealand

ABSTRACT
There is concern about the deteriorating nutrient status of aquatic
receiving environments in New Zealand. We estimated the
amount by which current nitrogen (N) concentrations and loads
exceed criteria in rivers, lakes and estuaries nationally. Criteria
corresponded to national ‘bottom-line’ (i.e. minimal)
environmental objectives set by government policy. Three metrics
were evaluated: (1) degree of compliance describes the current TN
loads in receiving environments relative to criteria; (2) catchment
N status describes the acceptability of catchment N loads
compared to criteria; and (3) excess load indicates the amount by
which the N load exceeds the maximum allowable load (kg yr−1).
Non-compliance with N criteria was broadly distributed nationally
particularly in low-elevation catchments. Catchments with
unacceptable N status constituted at least 31% of New Zealand’s
land area, which corresponds to at least 43% of the country’s
agricultural land. The national excess load was estimated to be at
least 19.1 Gg yr−1. We are 97.5% confident that estimated excess
loads exceed zero for nine of 15 regions and for the nation as a
whole. The analyses provide a strategic assessment of where
reductions in N emissions are required to achieve the minimal
national objectives.
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Introduction

Agriculture and other human activities have increased nitrogen (N) emissions from point
and non-point sources over large regions of Earth (Gruber and Galloway 2008; Howarth
2008; Bouraoui and Grizzetti 2011). High N loads to aquatic ecosystems can have at least
two types of impacts. First, N concentrations can reach toxic levels that impair aquatic
animal survival, growth and reproduction (Camargo and Alonso 2006). Second, when
not limited by light or other nutrients, primary production can be stimulated by N enrich-
ment, causing excessive plant biomass and ecological degradation associated with shifts
from low productivity or oligotrophic states to eutrophic or hypertrophic states (Rabalais
2002; Erisman et al. 2013; Abell et al. Forthcoming; Plew et al. Forthcoming). Conse-
quently, managing land use in order to reduce the anthropogenic component of N

© 2020 The Royal Society of New Zealand

CONTACT Ton H. Snelder ton@lwp.nz

NEW ZEALAND JOURNAL OF MARINE AND FRESHWATER RESEARCH
https://doi.org/10.1080/00288330.2020.1758168

http://crossmark.crossref.org/dialog/?doi=10.1080/00288330.2020.1758168&domain=pdf&date_stamp=2020-05-04
http://orcid.org/0000-0002-4164-9047
mailto:ton@lwp.nz
http://www.tandfonline.com


loads is an important issue in many countries (Campbell et al. 2005; Dymond et al. 2013;
Dupas et al. 2015; Murphy and Sprague 2019).

Regulatory approaches to nutrient management often proceed by establishing environ-
mental objectives and then defining the nutrient concentration criteria that are deemed to
achieve these objectives (US EPA 2007; Sutton et al. 2011). Concentration criteria have
been developed for both N and phosphorus (P), as these are the principal limiting nutri-
ents for primary production in aquatic ecosystems (e.g. Suplee et al. 2007 ; Smith and Tran
2010; Sutton et al. 2011). The analyses in this study focused on N due to recent evidence
that anthropogenic increases in N in New Zealand rivers and estuaries exceed anthropo-
genic increases in P (Snelder et al. 2018). However, the same analyses could be applied to P
in the future.

Strategies to manage N losses to ensure compliance with concentration criteria are
often evaluated based on annual N loads because these can be estimated for individual
emissions. Internationally, N concentration and load criteria are based on: (1) ecosystem
reference state N concentrations (e.g. ANZECC and ARMCANZ 2000; USEPA 2000), (2)
N concentrations that are associated with significant shifts in aquatic ecosystem structure
and function (e.g. Smith and Tran 2010; Wagenhoff et al. 2017), and (3) relationships
between water column N concentrations and measures of eutrophication (e.g. benthic
chlorophyll concentrations in rivers, macroalgae cover in estuaries, Valiela et al. 1997;
Dodds et al. 2002; Woodland et al. 2015). Measured or modelled N concentrations and
loads are then used to quantify the degree to which the criteria are exceeded (Davidson
et al. 2011; Sutton et al. 2011). Many studies have concluded that current N concentrations
exceed concentration criteria at local, regional, and global scales (Galloway et al. 2008;
Davidson et al. 2011).

There is concern in New Zealand about deteriorating N trends in rivers, streams, lakes,
wetlands, estuaries, and aquifers (e.g. PCE 2013, 2015; MFE & StatsNZ 2017, 2019). N
emissions to these aquatic receiving environments are regulated by the Resource Manage-
ment Act (RMA) and the National Policy Statement for Freshwater Management (NPS-
FM; NZ Government 2017). The NPS-FM requires regional councils to determine the
N concentration criteria that match objectives set for ecological health in receiving
environments. Having set concentration criteria, regional councils are then required to
develop strategies to manage anthropogenic sources of N, the largest of which is generally
diffuse-source N from agriculture (Elliott et al. 2005; Howard-Williams et al. 2010).

Despite concern about elevated N concentrations in New Zealand aquatic ecosystems,
and the imperative for regional councils to manage N emissions from land, there has been
limited effort to quantify the scale of N issues nationally. The most comprehensive
national scale study of the extent to which current TN loads exceed criteria (this differen-
tial is hereafter called excess TN load) is that of Elliott et al. (2020), which also investigated
the extent to which current TN loads could be decreased by mitigations applied to agri-
cultural land. However, Elliott et al. (2020) did not consider estuarine receiving environ-
ments. Some estuaries in New Zealand exhibit signs of eutrophication (e.g. Plew et al.
2018) and in some catchments, the estuary is the most sensitive environment to N loads.

The analyses reported in this article aimed to assess the extent and severity of N issues
nationally, which we characterised using three metrics. First, we evaluated the degree of
compliance in all surface water receiving environments in New Zealand by comparing
the estimated current TN load with the maximum allowable load (i.e. the maximum
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load that would be acceptable under the NPS-FM). Second, we identified the catchment
areas that contribute unacceptably high N loads to downstream receiving environments.
We used catchment N status to quantify the amount by which a current TN load exceeded
the maximum allowable load in a catchment. Third, at all river segments, lakes and estu-
aries in the drainage network, we evaluated the excess TN load as the amount by which the
current TN load exceeded the maximum allowable load.

Methods

Spatial framework and receiving environments

The spatial framework for our analyses comprised a digital representation of New Zeal-
and’s surface water network, including river segments, lakes and estuaries. Each river
segment, lake and estuary was treated as an individual receiving environment in the ana-
lyses. Flow paths and catchment boundaries were defined by the GIS-based digital drai-
nage network, which underlies the River Environment Classification (REC; Snelder and
Biggs 2002). The digital network was derived from 1:50,000 scale contour maps and rep-
resents all New Zealand’s rivers as 590,000 segments bounded by upstream and down-
stream confluences, each of which is associated with a sub-catchment. The terminal
segments of the river network (i.e. the most downstream points in each drainage
network that discharges to the ocean) were identified.

Lakes were represented in the spatial framework by the lakes layer of the Freshwater
Environments of New Zealand GIS database (FENZ; Leathwick et al. 2010). The FENZ
lake polygons were intersected with the river network and the river segments that termi-
nate at lakes were identified. Of the c. 3,800 lakes with surface area greater than 1 ha in
FENZ, we identified 974 for which inflow river segments could be defined. The remaining
lakes had catchment areas that were too small to be represented by the river network.

Estuaries were represented in the spatial framework by the national classification of
coastal hydrosystems (Hume et al. 2016). The river segments that terminate at estuaries
were identified by intersecting estuary polygons from a GIS layer of 421 New Zealand estu-
aries with the river network.

Estimates of N concentrations and loads

Estimates of current annual median concentrations of total nitrogen (TN) and nitrate-
nitrogen (NO3-N) for every segment of the river network were based on statistical
models fitted to a training dataset comprising median TN and NO3-N concentrations cal-
culated from monthly measurements between 2013 and 2017, at 678 and 742 state of
environment monitoring sites, respectively. This dataset was compiled for a previous
study of New Zealand river water quality (Whitehead 2018). Themonitoring sites were dis-
tributed throughout New Zealand and provided a reasonable representation of national
variation in catchment characteristics. Random Forest (RF) regression models were
fitted using the methods and predictor variables used byWhitehead (2018). Five additional
predictor variables that quantified the density of pastoral livestock in 2017 were used in this
study to indicate land use intensity; these predictors were based on publicly available infor-
mation describing the density of pastoral livestock (https://statisticsnz.shinyapps.io/
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livestock_numbers/). These predictors improved the discrimination of catchment land use
intensity compared to the predictor describing the proportion of catchment occupied by
pastoral land cover used by Whitehead (2018). The densities of four livestock types
(dairy, beef, sheep and deer) in each catchment were standardised using ‘stock unit (SU)
equivalents’, which is a commonly used measure of metabolic demand by New Zealand’s
livestock (Parker 1998). The five predictors express land use intensity as the total stock
units and the stock units by each of the four livestock types divided by catchment area
(i.e. SU ha−1).

The RF model performance for the N concentration models was good, based on Nash-
Sutcliffe efficiencies (NSE) of 0.73 and 0.65 for TN and NO3-N, respectively. The root
mean square deviation of the TN and NO3-N models were 0.26 and 0.44 log10 mg m−3,
respectively, and bias was close to zero for both models. Our RF models represent a
small improvement on performance reported by Whitehead (2018) (NSE of 0.71 and
0.59, respectively).

Current annual TN load (hereafter current TN load) for every segment of the river
network were provided by statistical models fitted to calculated TN yields (current TN
load divided by catchment area) at 679 state of environment monitoring sites distributed
throughout New Zealand using methods described by Snelder et al. (2018). The yields
were calculated for the monitoring sites described by Whitehead (2018) that had at
least 10 years of monthly TN concentration observations up to the end of 2017. TN
loads at these sites were calculated from these data for the year 2017 using either observed
daily flows for sites with continuous flow recorders or daily flows estimated using the
TopNet hydrological model (McMillan et al. 2013). TN yields (kg ha−1 yr−1) for all seg-
ments were predicted using a RF model fitted to the monitoring-site yields and the
same suite of predictor variables as the TN concentration model. The TN yield RF
model performance was good (NSE of 0.64 and root mean square deviation of 0.21
log10 kg ha−1 yr−1) and bias was low (−0.3%).

We calculated the current TN load (kg yr−1) for each segment of the river network by
obtaining the product of the predicted TN yield (kg ha−1 yr−1) and catchment area of that
segment (ha). We calculated the current TN load delivered to each lake and estuary in two
steps. First, we obtained the product of the predicted TN yield and upstream catchment
area of each terminal segment that flows into each lake and estuary. Second, for each
lake and estuary, we summed the terminal segment loads to estimate the current TN
loads (kg yr−1).

Nitrogen concentration criteria

Environmental objectives
In the context of N discharges to lake and river receiving environments, the NPS-FM con-
tains the National Objective Framework (NOF), which requires that quantitative objec-
tives are defined to limit toxic effects and excessive plant biomass. Some NOF
objectives are already specified in terms of N concentrations. For NOF objectives that
are specified as biomass, we used proposed N concentration criteria from previous
studies that were deemed to achieve these objectives.

Environmental objectives for estuaries are mandated by the New Zealand Coastal Policy
Statement (NZCPS; DOC 2010). However, the NZCPS does not have the structured
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approach to defining ‘bottom-line’ environmental objectives that the NOF does. We there-
fore defined criteria that limit plant biomass to levels that Plew et al. (Forthcoming) proposed
were very high and which we therefore considered are equivalent to NOF bottom-lines.

Rivers
There are two NOF bottom-lines that are associated with N concentration criteria for
rivers that apply depending on the circumstances. First, a national bottom-line objective
stipulates protection from chronic toxicity effects for 80% of fish and aquatic invertebrate
species under exposure to nitrate. The nitrate toxicity bottom line criterion is 6900 mg
NO3-Nm−3, which is considerably higher than N concentrations associated with excessive
plant biomass in rivers. Second, a national bottom line stipulates a maximum level of per-
iphyton biomass for rivers. However, some river environments do not support excessive
periphyton biomass, particularly those with fine bed substrates (Suren and Riis 2010).
We, therefore, assumed that the applicable N concentration criteria for rivers with fine
substrates is the nitrate toxicity bottom-line. Furthermore, we assumed that segments
with coarse substrates potentially support excessive periphyton biomass, and that the
applicable N concentration criteria in these segments is determined by the periphyton
bottom-line. River segments with fine and coarse bed substrates were discriminated
using substrate size index values of < 3 and ≥3, respectively, based on modelled estimates
obtained from the FENZ database (Leathwick et al. 2010).

The second set ofN concentration criteria are associatedwith theNOFbottom-line objec-
tive for periphyton biomass of 200 mg chlorophyll-am−2. The bottom-line requires that this
biomass threshold is not exceeded in 92% of monthly samples (i.e. not more than once per
year on average for monthly sampling). Concentration criteria for TN to achieve the periph-
yton biomass bottom-line differed across 21 river classes defined by the second level of the
REC (Source-of-flow) and were based on Snelder et al. (2019). The criteria were based on
nutrient-biomass relationships that were uncertain. There is therefore a risk that a pro-
portion of locations will exceed a nominated biomass threshold when they are actually com-
pliant with the associated TN criteria. Snelder et al. (2019) provided for differing levels of risk
by incorporating spatial exceedance in theTNconcentration criteria. Spatial exceedance is an
estimate of the proportion of locations that will exceed a nominated biomass threshold when
compliant with the criteria. In this study therefore, the spatial exceedance criterion indicates
the risk that a randomly drawn location will exceed the periphyton bottom-line threshold of
200 mg chlorophyll-a m−2. We considered the acceptable level of this risk to be a normative
rather than a scientific decision and therefore demonstrated the consequences for two spatial
exceedance criteria, 10% and 20% (Table 1).

The TN criteria for lakes and estuaries used in this study did not have spatial excee-
dance criteria although the underlying TN concentration–algae biomass relationships
are also uncertain. Spatial exceedance could be incorporated into the existing criteria
for lakes and estuaries, but this was not undertaken in the current study.

A test of Snelder et al.’s (2019), criteria indicated they were overly stringent relative to
the periphyton biomass and N concentrations observed at 173 river monitoring sites. As
suggested by Snelder et al. (2019), the original TN targets were recalibrated to match the
observations at the monitoring sites (Table 1). In the analysis described below, the TN
concentration criteria for each segment was derived by obtaining the segment’s REC
class and looking up the associated concentrations from Table 1.
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Lakes
The NOF defines bottom-line objectives for lake phytoplankton concentrations of 12 mg
chlorophyll-a m−3 as a median and 60 mg chlorophyll a m−3 as an annual maximum. In
addition to phytoplankton, the NOF defines bottom-line objectives for median lake TN
concentrations of 750 and 800 mg m−3 for stratified and polymictic lakes, respectively.
We assumed that these TN concentrations would allow phytoplankton bottom-lines to
be achieved and adopted them as the lake N concentration criteria. We classified lakes
as stratified or polymictic based on estimates of maximum depth of each lake provided
by the FENZ database (Leathwick et al. 2010) and a depth threshold of 7.5 m based on
Abell et al. (2019).

Estuaries
A large proportion of New Zealand estuaries are shallow and have extensive intertidal
areas. When enriched with nutrients (particularly N) from the upstream catchment, estu-
aries are susceptible to eutrophication (Valiela et al. 1997; Viaroli et al. 2008; Schallenberg
et al. 2017). Symptoms of eutrophication in shallow estuaries include proliferations of
benthic macro- and micro-algae and phytoplankton, reduced dissolved oxygen levels,
and sulphide production due to organic matter breakdown (Vant and Safi 1996; Schallen-
berg et al. 2017). The remaining estuaries in New Zealand are deeper and predominantly
subtidal. Depending on the flushing time of deep estuaries, the expression of excessive
nutrient loading and eutrophic conditions is most likely to be high phytoplankton
biomass.

As noted above, there are no NOF attributes or nationally applicable numeric objectives
for New Zealand estuaries. In their absence, we adopted TN concentration criteria that

Table 1. Concentration criteria for median TN concentrations in mg m−3 to achieve the NOF bottom-
line for periphyton biomass of 200 mg chlorophyll-a m−2 in 21 REC (Source-of-flow) classes. Two sets of
criteria are defined, corresponding to risks of non-compliance with the biomass objective of 10% and
20%.

REC Class Class description

Risk of non-compliance

10% 20%

CX/GM Cool-extremely wet glacial-mountain 1038 2890
CX/M Cool-extremely wet mountain 1686 3843
CX/H Cool-extremely wet hill 1678 3664
CX/L Cool-extremely wet lowland 1282 3363
CX/Lk Cool-extremely wet lake 413 1182
CW/GM Cool-wet glacial-mountain 466 1290
CW/M Cool-wet mountain 534 1556
CW/H Cool-wet hill 591 1764
CW/L Cool-wet lowland 455 1325
CW/Lk Cool-wet lake 283 798
CD/M Cool-dry-mountain 305 851
CD/H Cool-dry hill 271 758
CD/L Cool-dry lowland 287 811
CD/Lk Cool-dry lake 244 681
WX/L Warm-extremely wet lowland 506 1504
WX/H Warm-extremely wet hill 564 1687
WW/H Warm-wet hill 831 2454
WW/L Warm-wet lowland 299 871
WW/Lk Warm-wet lake 286 823
WD/L Warm-dry lowland 145 414
WD/Lk Warm-dry lake 335 974

6 T. H. SNELDER ET AL.



correspond to objectives for estuarine algae proposed by Plew et al. (Forthcoming). The
proposed objectives differ depending on whether estuary primary production is likely to
be dominated by macroalgae or phytoplankton. For macroalgae dominated estuaries,
the proposed objectives correspond to persistent, high macroalgal cover (75%) and/or
biomass (>1000 g m−2 wet weight). Plew et al. (Forthcoming) derived a TN criterion of
< 320 mg m−3 to achieve this bottom-line objective by regressing Ecological Quality
Rating (EQR; a combined metric of cover and biomass) against ‘potential N concen-
trations’ in 21 estuaries. Potential concentrations were defined as the concentration that
would occur in the absence of uptake by algae, or losses or gains due to non-conservative
processes such as denitrification and N fixation. Potential N concentrations were derived
using simple dilution models for all New Zealand estuaries that accounted for N inflows
from both rivers and the ocean and for estuary hydrodynamics. A test based on 16 New
Zealand estuaries found a significant positive correlation between measured and predicted
potential nitrate concentrations (R2 = 0.72, P < 0.002; Plew et al. 2018).

The proposed bottom-line objectives for phytoplankton dominated estuaries were
based on annual 90th percentile biomass of 12, 16 and 60 mg chlorophyll-a m−3 for eur-
yhaline, meso/polyhaline and oligohaline estuaries respectively (Plew et al. Forthcoming).
The phytoplankton model was based on the dilution modelling approach of Plew et al.
(2018), which used potential TN, total phosphorus and flushing times calculated for
each estuary to predict the maximum likely phytoplankton biomass. A test based on 25
New Zealand estuaries found a significant positive correlation between measured and pre-
dicted 90th percentile chlorophyll-a concentrations (R2 = 0.22, P < 0.018; Plew et al. Forth-
coming). The biomass estimates were used to derive potential N concentrations associated
with the phytoplankton bottom-lines for estuaries corresponding to the three salinity
classes.

Degree of compliance and maximum allowable loads

We defined the maximum allowable load (MAL) for all river, lake and estuary receiving
environments as the current TN load (kg yr−1) that ensures that the receiving environ-
ment N concentration does not exceed the concentration criteria. Therefore, in our analy-
sis, the MAL for each receiving environment was linked to the bottom-line objective by the
associated N concentration criteria set out above for rivers, lakes and estuaries. For each
receiving environment, we evaluated the degree of compliance as the ratio of current TN
load to MAL. This ratio varies between 0 and +∞, with values larger than one indicating
non-compliant receiving environments (i.e. the receiving environment TN load exceeds
the MAL).

The details of the calculation of MAL differed by receiving environment type. For
rivers, the concentration criteria for every network segment was converted to an associated
MAL based on assumption that, because load is the integral of concentration × discharge,
the median concentration increases in proportion to the load, i.e. the following relation-
ship applies:

Concentration1
Load1

= Concentration2
Load2

(1)
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Therefore, the MAL for each segment of the river network was derived as:

MAL = ConcentrationCriterion × Current TN load
Current N concentration

(2)

where current TN load is the estimated current TN load (kg yr−1) for the network
segment, Current N concentration is the estimated current median concentration of
NO3-N or TN and ConcentrationCriterion is 6900 mg NO3-N m−3 if the segment was desig-
nated as soft-bottomed, or the relevant TN concentration criterion from Table 1 if the
segment was designated as hard-bottomed.

The regression model of Abell et al. (2019) was used to estimate the median lake TN
concentration from the estimated current TN load delivered to each lake. The model
was fitted to data collected for 76 lakes distributed throughout New Zealand and had a
coefficient of determination (R2) value of 0.78 and RMSE of 0.24 log10 kg TN yr−1. We
inverted this model to estimate the MAL for each lake as follows:

MAL = 10

log10(TNCriterion) − b0 − b2log10(Zmax)
b1

( )
(3)

where TNCriterion is the concentration criterion for stratified or polymictic lakes of 750 and
800 mg m−3 as annual medians respectively, Zmax is the maximum depth of the lake, and
b0, b1 and b2 have values 1.6, 0.54 and −0.41, respectively, as defined by Abell et al.
(2019). Estimates of Zmax for each lake were obtained from the FENZ database (Leathwick
et al. 2010).

We used the models of Plew et al. (2018) to derive the MAL for all 421 estuaries in our
analysis. The current TN load delivered to each estuary was compared to the correspond-
ing MAL estimate to evaluate compliance.

Catchment N status

Catchment N status was evaluated using the ratio of the current TN load to MAL and so
varied between 0 and +∞. Status values larger than one indicate excessive catchment loads
(i.e. loads are higher than that required to achieve the environmental objectives). Note that
the catchment N status metric differs from the degree of compliance metric, which was
evaluated for each receiving environment (i.e. each river segment, lake, and estuary).
Catchments with high status values indicate that all locations upstream of a non-compli-
ant receiving environment, even those distal from the receiving environment, contribute
to its non-compliance.

Catchment N status differs for every receiving environment but is simplified by defining
critical points (Figure 1, panel A). A critical point is defined as a receiving environment for
which the ratio of the current TN load to MAL is not exceeded by any upstream receiving
environment (McDowell et al. 2018). Critical points indicate the receiving environments
with the least acceptable loads in a catchment and therefore from a resource management
perspective, the point at which there is the greatest competition among upstream nitrogen
emitters for a share of the maximum allowable load.

Catchment N status was assessed by tracking the ratio of the current TN load to
MAL at each successive receiving environment in the upstream direction of the
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digital drainage network representing each individual catchment draining to the sea (i.e.
defined by the entire drainage path upstream of a terminal segment; Figure 1, panel A).
The catchment N status at the most downstream receiving environment is always the
ratio of the current TN load to MAL, and the catchment outlet is always a critical
point. At each receiving environment, the ratio of the current TN load to MAL is com-
pared with the ratio for the downstream critical point. If the ratio at the receiving
environment is greater than that of the downstream critical point, the receiving
environment is defined as a critical point and the status for the catchment upstream
of this point is the ratio of the current TN load to MAL of this receiving environment.
If the ratio at the receiving environment is less than that of the downstream critical
point, the catchment N status and critical point are unchanged. The process continues
upstream to the catchment headwaters.

Sea-draining catchments can have one critical point (the most downstream receiving
environment) or multiple critical points, which include the most downstream receiving
environment (Figure 1, panel A). We produced two types of maps; one type indicating
the catchment N status of the catchments upstream of each critical point, and the other
indicating the receiving environment type (river, lake or estuary) that determined the
catchment N status of each catchment.

Figure 1. Schematic diagram representing evaluation of catchment N status and excess TN load. The
diagram represents a simple catchment comprising four sub-catchments that are connected by a
simple linear (blue) drainage network. The current TN load and receiving environment MALs are
shown in the central shaded grey panel (B) and the calculations of catchment N status and excess
TN load are shown on panel A and C, respectively.
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Excess TN loads

At each receiving environment where the current TN load was greater than the MAL, the
local excess TN load was estimated as:

Local excess TN load = Current TN load−MAL (4)

where Local excess TN load has units of kg yr−1. Where the above summation is less than
zero, there is no local excess TN load and the result was set to zero kg yr−1 (Figure 1, panel
C).

At a receiving environment we defined the excess TN load to be the minimum TN load
reduction (kg yr−1) required to decrease the current TN load at that and all upstream
receiving environments to the MAL. The excess TN load differs from the local excess
TN load in that it considers the excess load of upstream receiving environments. Thus,
a point in the network may have a local excess load of zero but, if it is situated downstream
of receiving environments that have excess loads, it will have an excess TN load that
reflects a reconciliation of those upstream excess loads.

The excess TN load was evaluated for each receiving environment in three steps (Figure
1). First, the local excess TN load was evaluated for each receiving environment. Second,
the excess TN load for the most upstream receiving environments was defined to be their
local excess TN loads. Third, the digital drainage network representing each individual
catchment that drains to the sea was traversed in the downstream direction. Beginning
at the most upstream receiving environments, the excess TN load was compared to the
local excess TN load of the next receiving environment downstream. If the local excess
TN load at the next downstream receiving environment was less than the excess TN
load of the upstream receiving environment, the excess TN load of the downstream receiv-
ing environment was updated to be the excess TN load of the upstream receiving environ-
ment. If the reverse applied, the excess TN load of the downstream receiving environment
was updated to be its local excess TN load. The excess TN load therefore took a positive
value (kg yr−1) at any receiving environment in the catchment for which the current TN
load exceeded the MAL. The process continued to the most downstream point of all catch-
ments (i.e. the river mouth) and included all lakes and estuary receiving environments.

Excess TN loads were expressed as yields by dividing by the upstream catchment area
(kg ha−1 yr−1). We produced maps indicating the excess TN load expressed as yields at
each segment in the digital drainage network. Finally, we evaluated the regional excess
TN loads for the 15 jurisdictional regions in New Zealand (Nelson City was merged
with the Tasman District) and the national excess TN load by summing excess TN
loads over all terminal segments (i.e. a network of segments intersecting the coastline)
by region and nationally.

Assessment of uncertainties

There are two main sources of uncertainty associated with our analysis. First, there is
uncertainty that the N concentration criteria will achieve the environmental objectives
(i.e. the NOF bottom lines for lakes and rivers and our nominated phytoplankton and
macroalgae objectives for estuaries). Second, there is uncertainty associated with the pre-
dicted current concentrations and loads and therefore the estimated excess TN loads. We
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ignored the first source of uncertainty because our analysis was focussed on compliance
with N concentration criteria rather than the achievement of environmental objectives.
Uncertainties in the predicted current N concentrations and loads (expressed as yields)
were quantified by the RMSD values for the concentration and load models (Piñeiro
et al. 2008). We compared the modelled predictions of TN concentrations and loads
against observations from the datasets used to fit the models and inspected the residual
errors for each model. There was no apparent geographic pattern in these errors and
the pattern of errors was not explained by catchment characteristics. We compared the
site residual errors from the concentration and load models and found that they were
highly correlated (r = 0.8).

We used a simple Monte Carlo analysis to estimate uncertainties in our estimates of
current TN loads and excess TN load based on 1000 ‘realisations’ of our calculations in
three steps. First, for each realisation, random errors were applied to the estimated
current concentration and load by obtaining the values of two random normal deviates.
Pairs of random normal deviates representing errors for concentration and load were
drawn from a bi-variate distribution with a correlation that was the same as that
between the observed errors (i.e. 0.8). Because a concentration or load at any point in a
catchment is spatially dependent on corresponding values at all other points in the catch-
ment’s drainage network, the values of the random normal deviates were held constant
within the river network representing a sea-draining catchment but differed randomly
between sea-draining catchments. Second, for each realisation, current N concentration
and load was re-estimated for each segment as the original prediction plus the product
of the random normal variate and RMSD (i.e. a random error consistent with the predic-
tion uncertainty was added to the concentrations and loads). This resulted in differences
between realisations in: the current TN load for each receiving environment, the MAL for
periphyton for each river segment (because it is derived from the combination of load and
concentration, Equation 2), and the local excess load for every receiving environment
(because this was derived by subtracting MAL from the estimated current TN load,
Equation 4). Third, we repeated the procedure for calculating the excess TN load described
above for each realisation.

We used the distribution of values of current TN load and excess TN load obtained
from the 1000 realisations to quantify the uncertainty of two of our results. First, we
used the distribution of excess TN load loads to define the probability that the excess
TN load > 0 for every receiving environment. Second, we calculated the 95% confidence
intervals for the regional and national current TN load and excess TN load.

Results

Degree of compliance with N criteria

Rivers
The degree of compliance (the ratio of current TN load to MAL) for river receiving
environments was spatially variable and also depended on the TN concentration criteria
adopted (i.e. spatial exceedance of 10% or 20%; Figure 2). When TN concentration criteria
were based on a spatial exceedance of 10%, approximately 15% of segments were non-
compliant with ratios of current TN load to MAL > 1 and 7% were non-compliant with
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ratios > 2. When TN concentration criteria were based on a spatial exceedance of 20%,
approximately 4% of segments were non-compliant with ratios of current TN load to
MAL >1 and 0.6% were non-compliant with ratios of current TN load to MAL >2.

All river receiving environments with ratios of current TN load to MAL > 1 were associ-
ated with exceedance of the concentration criteria associated with periphyton objectives,
except for a single segment in South Canterbury that had a predicted NO3-N concentration
in excess of the toxicity bottom-line criterion. A total of six monitoring sites in the training
dataset for the RF NO3-N model had median concentrations greater than the toxicity
bottom-line of 6900 mg m−3. The RF modelling method does not predict outside the
range of the observation data and tends to have maximum predictions that are somewhat
lower than themost extreme observations. Therefore, although there were monitoring sites
with NO3-N concentrations above the NOF toxicity bottom-line, the RF model generally
did not predict values greater than the NO3-N toxicity bottom-line.

Areas with the highest ratios of current TN load to MAL (i.e. >5) were located in the
Southland, Otago and Canterbury regions (Figure 2). High ratios (i.e.> 2) were widely dis-
tributed in the North Island, but particularly prevalent in parts of the Waikato, Taranaki,
Manawatu-Wanganui and Hawkes Bay regions.

Figure 2. The degree of compliance (i.e. ratio of current TN load to MAL) for river receiving environ-
ments (i.e. all network segments). The left and right maps are based on a periphyton spatial exceedance
of 10% and 20% respectively. Non-compliant rivers have ratio of current TN load to MAL > 1. Current
refers to 2017. The grey lines indicate regional boundaries.
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Lakes
The degree of compliance for lake receiving environments was spatially variable (Figure 3).
Of the 974 lakes included in the analysis, 112 (11.5%) had current TN load toMAL ratios >
1, and 58 (5.9%) had ratios > 2. Non-compliant lakes (i.e. ratios of TN load to MAL > 1)
tended to be in low-elevation catchments with high proportions of agricultural and urban
land use.

Estuaries
Non-compliant estuaries were widely distributed and occurred in most regions (Figure 3).
Of the 421 estuaries in the analysis, 40 (9.5%) had ratios of current TN load to MAL > 1,
and 14 (3.3%) had ratios >2.

Catchment N status

Because catchment N status reflects the contributions of whole catchments to current TN
loads in receiving environments, the maps showing catchment N status > 1 (Figure 4) indi-
cated considerably larger areas than the maps of receiving environments where current
TN load exceeded the MALs (Figures 2 and 3). Catchment N status was > 1 and > 2

Figure 3. The degree of compliance (i.e. ratio of current TN load to MAL) for the 977 lakes (left) and 421
estuary (right) receiving environments included in the analysis. Non-compliant lakes and rivers have
ratio of current TN load to MAL > 1.

NEW ZEALAND JOURNAL OF MARINE AND FRESHWATER RESEARCH 13



for 58% and 37% of New Zealand’s land area, respectively, based on a periphyton spatial
exceedance of 10% (Figure 4). For a periphyton spatial exceedance of 20%, catchment N
status was >1 and >2 for 31% and 11% of New Zealand’s land area respectively (Figure 4).
Catchments with N status >2 were located in the Waikato, Manawatu-Wanganui, Marl-
borough, Canterbury, Otago and Southland regions.

Catchments with N status > 1 tended to be associated with high proportions of agricul-
tural and urban land use. For example, catchments with N status >1 represented 95,372
km2 (71%) and 58,080 km2 (43%) of all agricultural land for periphyton spatial exceedance
of 10% and 20%, respectively. Agricultural land was even more over-represented in catch-
ments with N status >2, comprising 68,360 km2 (51%) and 22,431 km2 (17%) of all agri-
cultural land for periphyton spatial exceedance of 10% and 20%, respectively.

The receiving environment type (i.e. rivers, lakes or estuaries) that determined the N
status of catchments depended on the choice of periphyton spatial exceedance criteria
used for rivers (Figure 5). However, irrespective of the spatial exceedance criteria used,
catchment N status was most often determined by river receiving environments. When
the periphyton spatial exceedance criteria was 20%, river receiving environments were
less influential and the N status of more catchments was determined by lakes and estuaries
compared to the 10% criteria. For example, based on a periphyton spatial exceedance cri-
teria of 10%, 4,478 km2 of catchment area in the Southland region (excluding Stewart

Figure 4. Maps showing catchment N status based on a periphyton spatial exceedance criteria of 10%
(left) and 20% (right).
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Island) had catchment N status determined by estuaries. In contrast, when the periphyton
spatial exceedance criteria was 20%, 12,114 km2 of catchment area in the mainland South-
land region had catchment N status determined by estuaries.

Excess TN loads

The patterns of excess TN load (expressed as yields; Figure 6) reflected the underlying ana-
lyses that defined the ratios of current TN load to MAL (Figures 2 and 3). In the South
Island, areas with the highest excess TN loads were focused in the Southland, Otago
and Canterbury regions. In the North Island these areas were more widely distributed,
particularly in parts of the Waikato, Taranaki, Manawatu-Wanganui and Hawkes Bay
regions (Figure 6). The excess TN load was higher in all locations when the periphyton
spatial exceedance was 10% compared to 20%.

Patterns of the probability that the current TN load was greater than the MAL
(Figure 7) had similarities with those of the excess TN load (Figure 6). Locations with
the highest probabilities that current TN load > MAL tended to be associated with catch-
ments with high proportions of agricultural and urban land use and were most prevalent
in regions with large excess TN loads.

Figure 5. Maps showing the type of receiving environment that determined the catchment N status.
Based on a periphyton spatial exceedance criteria of 10% (left) and 20% (right).
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The national current TN load was estimated to be 169 Gg yr−1 (Table 2). We estimated
that 25% and 11% of the national current TN load is in excess of the MAL (i.e. in excess
TN load) based on periphyton spatial exceedance criteria of 10% and 20% respectively.
The 95% confidence intervals indicate that the uncertainty of these estimates is large in
relative terms (e.g. uncertainty of the national current TN load is approximately ±15%
and uncertainty of the national excess TN load is approximately ±35% and ±45% for
spatial exceedance criteria of 10% and 20%, respectively).

There was a two order-of-magnitude range in regional excess TN loads (Table 2). Man-
awatu and Southland and Canterbury have the largest excess TN loads (10.4, 9.4 and 4.9
Gg yr−1 based on a periphyton spatial exceedance of 10%, and 4.9, 4.6 and 3.2 Gg yr−1

based on a periphyton spatial exceedance of 20%). The confidence intervals for regional
excess TN loads excluded zero for all regions except the Bay of Plenty, Gisborne,
Hawkes Bay, Tasman, Marlborough and West Coast regions based on a periphyton
spatial exceedance of 10%, indicating that we are 97.5% confident that most of the
current regional N loads are in excess of MAL. For a periphyton spatial exceedance of
20%, we were 97.5% confident that current TN loads are in excess of MAL for in only
two regions, Southland and Canterbury (Table 2).

Figure 6.Maps showing the excess TN load (expressed as a yield) at each point in the drainage network
(i.e. all network segments). Based on a periphyton spatial exceedance criteria of 10% (left) and 20%
(right). The grey lines indicate regional boundaries.
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Figure 7.Maps showing the probability that the excess TN load is greater than zero at each point in the
drainage network (i.e. all network segments). Based on a periphyton spatial exceedance criteria of 10%
(left) and 20% (right).

Table 2. The regional current TN load, regional excess TN load and national current TN load, national
excess TN load in both absolute terms (Gg yr−1) and relative to current loads (%). Current refers to 2017
and the excess loads include all river segments, lakes and estuaries. The values in parentheses indicate
the lower and upper 95% confidence intervals for all estimates.

Region
Current TN load

(Gg yr−1)

Excess TN load
10% exceedance

(Gg yr−1)

Excess TN load
10% exceedance

(%)

Excess TN load
20% exceedance

(Gg yr−1)

Excess TN load
20% exceedance

(%)

Northland 9 (7–14) 1.8 (1–3) 20.2 (15–23) 0.4 (0–1) 4.8 (2–7)
Auckland 3 (3–4) 0.9 (1–1) 27.3 (22–36) 0.4 (0–1) 12.5 (9–21)
Waikato 24 (15–40) 3.4 (1–7) 13.9 (9–16) 1.6 (0–6) 6.4 (1–13)
Bay of Plenty 8 (6–11) 0.5 (0–1) 6.2 (4–9) 0.1 (0–0) 1.2 (1–3)
Gisborne 3 (2–5) 0.6 (0–2) 20 (8–37) 0.2 (0–1) 6.1 (0–31)
Taranaki 8 (6–12) 2 (1–6) 24.1 (10–47) 0.8 (0–3) 9.6 (2–24)
Manawatu 19 (12–30) 10.4 (4–22) 53.6 (37–72) 4.9 (0–13) 24.4 (4–41)
Hawkes Bay 9 (5–14) 1.3 (0–4) 14.9 (3–27) 0.2 (0–2) 2.4 (1–14)
Wellington 6 (3–11) 2.6 (1–8) 47.3 (21–72) 1.3 (0–5) 23.6 (3–49)
Tasman 3 (2–5) 0.3 (0–1) 9.1 (2–25) 0 (0–0) 0 (1–2)
Marlborough 3 (2–4) 0.2 (0–1) 6.7 (2–13) 0 (0–0) 0 (0–2)
West Coast 15 (11–21) 0.1 (0–1) 0.7 (0–3) 0 (0–0) 0 (0–0)
Canterbury 22 (17–28) 4.9 (3–7) 22.1 (16–26) 3.2 (2–6) 14.5 (10–19)
Otago 14 (8–29) 3.8 (1–17) 26.2 (16–59) 1.3 (0–4) 9.2 (4–12)
Southland 22 (15–29) 9.4 (4–17) 42.9 (27–57) 4.6 (1–12) 20.4 (4–33)
National 169 (148–196) 42.1 (29–58) 24.9 (20–30) 19.1 (11–30) 11.2 (8–15)
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Discussion

Our study presented and applied a statistical model-based method to quantify the degree
of compliance with N criteria, identified catchments that contribute unacceptably high N
loads, and quantified the N load reductions required to achieve environmental objectives.
These steps should be prerequisites for mitigation strategies; quantifying required load
reductions will facilitate the design of cost-effective mitigation systems (Hutchins et al.
2009; Star et al. 2018).

Our investigation of compliance with N criteria and quantification of excess TN load
was novel in that it combined evaluations of catchment N sources, receiving environment
N loads and concentrations, and compliance with criteria in receiving environments. Pre-
vious investigations have tended to focus on either evaluating N sources and receiving
environment loads and concentrations (e.g. Grizzetti et al. 2005; Luscz et al. 2017;
Sharifi et al. 2017), or evaluating compliance with criteria (Dodds et al., 2009; Abell
et al. Forthcoming), but not both. Despite the predominance of studies focused on indi-
vidual aspects of N issues, integrated investigations are needed to ensure that N load
reductions will achieve their intended outcomes in downstream receiving environments.

A range of modelling approaches can be used to assess N issues. For example, catchment
models used to predict contaminant concentrations and loads include both statistical (e.g.
Luscz et al. 2017) and physically basedmodels (e.g. Sharifi et al. 2017). The resource require-
ments (data, financial and expertise) required to develop physically basedmodelsmake them
most suitable for catchment-scale investigations, but prohibitively costly at the national scale.
Even at smaller scales, applications of physically based water quality models in New Zealand
have encountered difficulties with calibration and validation (e.g. Fenemor 2013; Durney
et al. 2016). Statistical models were well suited for predicting N concentrations and load in
our national-scale study because parameterisation is less demanding than physically based
models, and because simplistic representations of catchment processes are appropriate
when models are not used to make predictions about changing conditions (Grizzetti et al.
2005). The statistical models we used to derive N criteria from relationships between N con-
centrations and algae were also simplistic. However, these models do account for the effects
of naturally varying factors such as hydrological regimes in rivers and residence times in estu-
aries (Snelder et al. 2019; Plew et al. Forthcoming).

Our analyses linked current N concentrations and loads to minimum acceptable
environmental objectives (i.e. bottom-lines) and established that, in some locations, rela-
tively large load reductions are required to achieve these objectives. While it is well estab-
lished that N concentrations are high in aquatic receiving environments in many parts of
New Zealand (e.g. Larned et al. 2016; Julian et al. 2017), our models provide further insight
into the spatial distribution of excess N and the receiving ecosystems that determine catch-
ment N status. Catchment N status was more often determined by criteria associated with
river periphyton objectives than lakes and estuary objectives. However, catchments for
which N status is determined by river periphyton criteria may contain lakes and estuaries
that are also non-compliant, but which have load to MAL ratios lower than the adjacent
river receiving environments. Furthermore, our analysis of lakes was limited to 974 large
lakes, and some of the smaller lakes that were excluded are certain to be non-compliant,
particularly low elevation lakes in catchments with large proportion of pastoral land cover
(Snelder et al. 2016; Abell et al. 2019).
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A partial verification of our analyses is provided by independent estimates of national
load of N exported to the coast by Elliott et al. (2005) of 167 Gg year−1 and Snelder et al.
(2018) of 187 Gg year−1. Both estimates are within the 95% confidence intervals of the
value of 169 Gg year−1 estimated in this study (Table 2).

Our analyses combined several sets of models and modelled predictions, all of which
are subject to uncertainty. The main sources of uncertainty were stochastic errors associ-
ated with relationships between N concentrations and algal biomass in rivers, lakes and
estuaries (Plew et al. 2018; Abell et al. 2019; Snelder et al. 2019), and with predicted
current N concentrations and loads. We did not attempt to account for the first source
of uncertainty and focussed instead on the uncertainty associated with our assessment
of compliance with the stated N concentration criteria rather than the achievement of
the underlying environmental objectives. Uncertainty in N concentration–biomass
relationships could imply that a site that exceeds the N concentration criteria is not necess-
arily failing to achieve the associated algal biomass objective. However, from a manage-
ment perspective, exceeding the N criteria indicates that a site has an unacceptably high
risk of failing to achieve the objective. For the river N concentration criteria, this risk
was addressed using spatial exceedance criteria. The spatial exceedance criteria limit the
risk of failing to achieve the periphyton biomass objective when the concentration criteria
are met to 10 or 20%, compared to the lake and estuary criteria, which have a risk of failing
to achieve biomass objectives of 50%.

The uncertainties associated with our estimates of current TN loads and excess TN loads
were considerable (e.g. Table 2; Figure 7). Therefore, our calculations and maps are appro-
priately considered as indicative of the national-scale patterns of compliance, catchment N
status and excess TN load. We presented the uncertainty of our estimates at the network
segment scale based on the confidence that the excess TN load > 0, which also indicates
our confidence that the current TN load exceeded the MAL (Figure 7). Incorporating
these confidence levels into land and water management requires a consideration of the
burden of proof. For example, requiring a 95% level of confidence that the MAL is not
exceeded before assessing whether a receiving environment complies with an N criterion
is an environmentally conservative approach that places a high burden of proof on N emit-
ters. Lowering the confidence requirement would reduce the burden of proof.

We have assumed that compliance with periphyton objectives will be achieved in all
river segments by limiting N concentrations. However, in some locations, periphyton
objectives may be achieved by mitigation measures such as stream shading to limit light
and temperature or reducing the loads of P or other growth-limiting nutrients; in these
locations our estimates of excess TN load will be higher than necessary.

We consider that the scope for mitigating excess TN loads by shading is limited.
Effective shading using riparian vegetation is limited to relatively narrow channels, and
reduced N uptake by periphyton and macrophytes in shaded segments can increase N
loads in unshaded segments downstream (Matheson et al. 2012; McKergow et al. 2016).
Our analysis indicates that excess TN loads tend to be high in large rivers that cannot
be shaded. It is likely that periphyton in some river segments is periodically P-limited,
or co-limited by N and P, and reducing N loads alone will not reduce periphyton
biomass during these periods (Francoeur 2001; McDowell et al. 2009). However, many
of the land management practices used to reduce nutrient loads in New Zealand are
effective for both N and P (Monaghan et al. 2007).
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Our results have relevance to land and water management decision-making at several
spatial scales. At catchment scales, evaluations of catchment N status can be used inform
land use decisions. Following the land use suitability concept introduced by McDowell
et al. (2018), if land in two catchments is equally capable of agricultural production and
represents the same water quality risk (i.e. has the same level of N loss), the land situated
in the catchment with lower catchment N status (i.e. lower current TN load relative to
MAL) is the more suitable for activities that increase N emissions. At national to regional
scales, catchments with the highest status are most in need of regulatory intervention, par-
ticularly if robust controls on future land use intensification are not in place. However, for
catchments with equal status, the load reductions required to reduce N loads to the MAL
on an individual emitter basis are not necessarily equivalent. The excess TN load,
expressed as a yield, broadly indicates the extent to which individual emitters need to
reduce their N discharges.

Finally, our analysis demonstrates that land and water management decisions need to
be spatially specific, even when objectives are spatially uniform (e.g. a bottom-line objec-
tive for algal biomass that is applied to many receiving environments across multiple
catchments). The need for spatial specificity arises because ecological responses to N
enrichment and N sources both vary spatially; therefore, N criteria and the load reductions
required to comply with national objectives (such as NOF bottom lines) must also vary
spatially. This emphasises the importance of management at catchment scales, as is
expressed by New Zealand’s NPS-FM regulations.
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