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ARTICLE INFO ABSTRACT

Keywords: Nutrient enrichment is one of the most pervasive impacts on aquatic ecosystems globally. Approaches to
ECOlﬂglc_al h_ealth establish nutrient criteria that safeguard aquatic ecosystem health are highly variable and, in many instances,
Eutrophication criteria are derived from correlations between in-situ nutrient concentrations and biological indices. Summa-
Macroinvertebrates . . . . . . . . . .

. . rising entire assemblages with a single index can result in a substantial loss of information and potentially weaker
Nutrient criteria . . . . . . . . . 13
Nutrients relationships. In this study, we compared the derivation of nutrient criteria using biological indices and those

from individual taxa for rivers and streams in New Zealand. Random forest models, including nutrient con-
centrations, were built to predict two biological indices and individual taxa across New Zealand’s river moni-
toring network. For all acceptable models, the response of the biological indices and individual taxa to increasing
Dissolved Inorganic Nitrogen (DIN) and Dissolved Reactive Phosphorus (DRP) were then predicted for every
river reach across the nation, and nutrient concentrations that protected 80% of taxa were then identified.
Models for the biological indices were poor but were good for most of the taxa, with nutrient concentrations
almost always being the most influential factor. To ensure persistence of at least 80% of the taxa within a river
reach, we estimated that DIN (Dissolved Inorganic Nitrogen) concentrations would need to be below 0.57-1.32
mg/L, and DRP (Dissolved Reactive Phosphorus) concentrations below 0.019-0.033 mg/L, depending on the
river type. In general, high order, low slope rivers and streams required more stringent nutrient criteria than
steep, low order streams. The link between nutrient concentrations and biological indices were weak and likely
suffer from the loss of information from summarising an entire assemblage into a single numeric. We consider
that the derivation of nutrient criteria for waterways should also examine the individual relationships with the
taxa in a river system to establish protection for a desired proportion of taxa.

River management

1. Introduction Le Moal et al., 2019; Wurtsbaugh et al., 2019).

Not surprisingly, there has been considerable research to investigate

Managing nutrients to protect aquatic species and ecosystem health
is one of the biggest challenges currently facing environmental man-
agers (Carpenter and Bennett, 2011; Carrizo et al., 2017; Vorosmarty
et al.,, 2010). Nitrogen and phosphorus inputs to land are increasing
dramatically as native vegetation continues to be replaced by agricul-
ture in many parts of the world, and the use of existing farmland is
intensified in more developed countries (Anon., 2005; Carpenter et al.,
1998; Scanlon et al., 2007). Much of this nutrient addition ends up in
groundwater, lakes, rivers and ultimately the ocean with often detri-
mental impacts on those ecosystems. Nutrient enrichment can drive
excessive algal and microbial growth, which then alters biological
communities, and can even result in large die-off events (e.g., mass fish
kills) if dissolved oxygen is driven to lethal levels (Ferreira et al., 2015;
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nutrient ecosystem health relationships and to establish nutrient criteria
to protect freshwater life (Dodds, 2007; Evans-White et al., 2009; Her-
lihy and Sifneos, 2008). Despite this plethora of information, and often
well-founded legislation to protect waterways from excess nutrients, the
problem of how to limit nutrient impacts remains and, may even be
getting worse (Seitzinger et al., 2010). Many countries, including those
with generally good environmental protections, extensive data moni-
toring and strong supporting science, such as New Zealand, are still
hesitating to develop rigorous guidelines for managers to use in man-
aging eutrophication (Foote et al., 2015; Joy and Canning, 2020; Weeks
et al., 2016).

The limitations of scientifically robust nutrient guidelines or criteria,
even when there is extensive data and ongoing monitoring, may rest on
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the multidimensionality of how nutrients impact ecosystem health
(Canning and Death, 2021; Wagenhoff et al., 2017b, 2017a). Nutrient
inputs can increase algal and microbial production directly, which can
cause a range of cascading impacts that are difficult to reliably predict.
Increased algal and microbial growth can promote the growth of pri-
mary consumers, such as invertebrates, either by increasing food supply
for algivores, or through conditioning nutrient-poor organic matter for
detritivores (Dodds and Smith, 2016; Elser et al., 2000; Ferreira et al.,
2015). Given that smaller, fast-growing invertebrates have a high
nutrient turnover and demand for nitrogen and phosphorus, nutrient
enrichment may increase the abundance of small invertebrates (Elser
et al., 2000; Gillooly et al., 2005; Hessen et al., 2013), and result in
assemblages that are less energetically rewarding for fish (Schindler and
Eby, 1997; Shearer and Hayes, 2019; Vinson and Baker, 2008). The
increased metabolic activity and decomposition can also increase hyp-
oxic conditions; alter the availability of course and fine particulate
organic matter for microbes, invertebrates, and downstream ecosystems
(Benstead et al., 2009; Davis et al., 2010; Stelzer et al., 2003); and
reduce the abatement of greenhouse gas by aquatic environments
(Macreadie et al., 2017). At very high concentrations, nutrients can be
directly toxic to invertebrates and fish by disrupting numerous meta-
bolic pathways (Camargo and Alonso, 2006; Romano and Zeng, 2013).
Nutrient enrichment can also alter the intensity and incidence of path-
ogenic infections, often by exacerbating infections of generalist parasites
with direct or simple lifecycles (Frost et al., 2008; Johnson et al., 2010).
As a result, nutrients can adversely impact, directly or indirectly entire
ecological communities, and limits on nutrient enrichment of rivers
need to be adopted to reduce the prevalence of adverse impacts.

Limits on nutrient enrichment in rivers are typically derived from
relationships between biological metrics of ecological health and
nutrient concentrations, and to a lesser extent from laboratory experi-
ments on toxicity responses. Given the wide array of potential ecological
impacts, using observational data of the linkages between biological
assemblages and in-situ nutrient concentrations to derive nutrient
criteria can be problematic (Evans-White et al., 2013; Huo et al., 2018;
Poikane et al., 2019; Wagenhoff et al., 2017a). Biological community
composition data is often summarised into biological metrics, such as
the proportion of EPT (Ephemeroptera, Plecoptera and Trichoptera)
taxa, community sensitivity and diversity indices, or even Observ-
ed/Expected ratios (Friberg et al., 2011; Norris and Thoms, 1999;
Rosenberg and Resh, 1993), which are then modelled against nutrient
concentrations for meaningful thresholds or change-points (King and
Richardson, 2003; Poikane et al., 2019; Yuan, 2010). Clearly, not all the
species that comprise an index will be responding to the potential
stressor in the same way, or at the same threshold. Any index by its very
nature will summarise information from the multiple responses of taxa
(Dale and Beyeler, 2001; Landres, 1992). Using laboratory experiments
to derive nutrient criteria are also problematic, particularly given that
laboratory environments often do not reflect the range and variability of
stressors that are observed in the real world, such as flooding, and the
food web and dissolved oxygen responses to nutrient enrichment
(Camargo and Alonso, 2006). It would make more sense to examine the
responses of each individual taxa within the community (rather than
biological indices) for significant changes with increasing nutrient
enrichment, in the context of the localised environment (rather than an
artificial laboratory environment) (Baker and King, 2010; Sundermann
et al., 2015). This should provide the most biologically realistic analysis
for establishing thresholds that represent real community effects. By
linking community changes analytically with a stress gradient, it also
reduces the influence of other potential stressors, that may be concur-
rently affecting biological communities.

Here we used data from across New Zealand to derive river-specific
nutrient criteria that are built on the protection of individual species,
and then compare these to nutrient criteria derived to support the
achievement of biological index thresholds. Biological indices examined
are those with legislated national minimum standards (termed ‘national
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bottom lines’ or ‘NBL’) in the National Policy Statement for Freshwater
Management 2020 (NPS-FM 2020), specifically the Macroinvertebrate
Community Index (MCI) and the Average Score Per Metric (ASPM). New
Zealand provides an ideal case study given the recent, widespread
decline in water quality due to the intensification of agriculture, large
environmental variability within small geographical distances, and an
extensive national monitoring data on riverine macroinvertebrates and
nutrients (Joy and Canning, 2020; Julian et al., 2017; Snelder et al.,
2021). We focus on identifying nutrient criteria for invertebrates as they
are well established biological indicators of river water quality because
of their sensitivity to pollutants, prolonged exposure to water conditions
due to their sedentary nature and long lifespans, the ecological insights
their diversity and functional composition offers, and their role as food
higher trophic species such as fish (Abbasi and Abbasi, 2011; Parmar
et al.,, 2016; Sumudumali and Jayawardana, 2021). Setting nutrient
criteria for macroinvertebrates, amongst other components such as
periphyton and oxygen, is also a requirement within the NPS-FM 2020.
While nutrient criteria for periphyton-based outcomes have been
well-examined in New Zealand (Biggs, 2000; Kilroy et al., 2019; Snelder
et al, 2019), macroinvertebrates have not received comparable
attention.

2. Materials and methods

River-specific nutrient criteria were derived with the following steps:
(1) collation of macroinvertebrate and environmental data; (2) using
random forests to establish relationships between environmental vari-
ables (including nutrient concentrations) and either the probability of
occurrence for each taxon or the probability of biological indices
meeting the NBL; (3) using cross-validation to assess the performance of
each model; (4) for each well-performing model, predicting across a
nutrient concentration gradient at every river reach in New Zealand
either the change in the probability of occurrence for each taxon or
change in probability of biological indices meeting the NBL; (5) at every
river reach, identifying the nutrient concentrations that yield a 20%
change in the probability of occurrence for each taxon or change in
probability of biological indices meeting the NBL from that predicted in
low nutrient conditions; and (6) at every river reach, identify the
nutrient concentrations that protect 80% of taxa from experiencing
more than a 20% change in occurrence probability from that predicted
in low nutrient conditions.

2.1. Macroinvertebrate and environmental data

Macroinvertebrate data used in this study was sourced from New
Zealand’s regional environmental monitoring network of rivers and
streams (Ministry for the Environment et al., 2019). Benthic macro-
invertebrates have been surveyed annually by regional environment
agencies between 1990 and 2016, are typically sampled in riffles using
either kick nets or Surber samplers, stored in either ethanol or formalin,
and identified using common keys (Moore, 1998; Winterbourn et al.,
1989). A total of 396 taxa were identified from 15,508 surveys collected
from 1966 sites nationwide, and the MCI and ASPM indicators calcu-
lated (J. ). Only samples that had concurrent monthly assessments of
dissolved inorganic nitrogen (DIN) and Dissolved Reactive Phosphorus
(DRP) concentrations at those sites for the preceding 12 months were
used, with the monthly data collected over the 12 months summarised as
medians for analysis. As different water quality laboratories are used
across the country, laboratories used are accredited by International
Accreditation New Zealand (IANZ), which requires adherence to quality
controls, including participation in an Inter-Laboratory Comparison
Programme, where they analyse external water samples and benchmark
their results against other labs. This yielded a collection of 1784 samples
across 312 sites (Fig. 1, Table 1). In keeping with the recommendations
made by the Science and Technical Advisory Group that informed the
development of New Zealand’s recent freshwater policy (Essential
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Fig. 1. The location of sites sampled by Environment Agencies annually for
macroinvertebrates and monthly for nutrients across New Zealand (Ministry for
the Environment et al., 2019).

Table 1
The minimum, median, mean, maximum, 25th and 75th percentiles of the me-
dian of 12 consecutive monthly samples, and the MCI and ASPM scores, across
New Zealand’s state of environment monitoring network data used in this
analysis.

Metric ~ Min 25th Median  Mean  75th Max
percentile percentile

DIN <0.001  0.09 0.32 0.65 0.75 7.35

DRP 0.0003 0.005 0.010 0.024  0.020 0.682

MCI 38 88 102 101 115 153

ASPM 0.04 0.26 0.39 0.38 0.51 0.80

Freshwater Science and Technical Advisory Group 2019a, 2019b) nu-
trients were measured in their dissolved form for this study as this is the
bioavailable form. Using dissolved forms reduced the potentially con-
founding effects of having areas with high nutrient loads but low
ecological impact in situations where a high proportion of nutrients is
either bound to suspended sediment or stable in organic matter. New
Zealand, with its high tectonic activity, has highly varied geology with
soils differing substantially in their erodibility and affinity to bind nu-
trients (Davies-Colley, 2013; Elliott et al., 2005; McDowell and Condron,
2000; Quinn and Stroud, 2002). Regional authorities can determine
localised relationships between dissolved and total forms of nutrients if
desired.

Most sites do not have consistent physical habitat assessments.
Instead, most environmental variables used in the analysis were
extracted from the Freshwater Environments New Zealand (FENZ)
geodatabase (Leathwick et al., 2010), except hydrological characteris-
tics which were sourced from Booker and Woods (2014), and fine
sediment cover from Clapcott et al. (2011) (this resulted in 25 variables,
Table 2). FENZ is a geodatabase that contains a range of modelled and
measured habitat, land use and climatic characteristics for every river
reach in New Zealand. Booker and Woods (2014) modelled hydrological
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Table 2

Environmental predictors used in the random forest models to predict the bio-
logical indices and each taxa (D.J. Booker and Woods, 2014; Leathwick et al.,
2010).

SegJanAirT Average January Air Temperature ( °C)

SegMinTNorm  Average minimum daily air temperature ( °C) normalised with
respect to SegJanAirT

SegSlope Slope of segment (°)

SegRipShade The likely proportion of stream shaded from riparian

SegRipNative Proportion of native riparian vegetation within a 100 m buffer of
the river

USCalcium Average calcium concentration of rocks in the catchment, 1 = very
low to 4 = very high

USHardness Average hardness of rocks in the catchment, 1 = very low to 5 =
very high

USPhosporus Average phosphorus concentration of rocks in the catchment, 1 =
very low to 5 = very high

USPeat Proportion of upstream catchment covered by peat

USWetland Proportion of upstream catchment covered by wetland

USGlacier Proportion of upstream catchment covered by glacier

ReachSed Weighted average of proportional cover of bed sediment using
categories of: 1 = mud; 2 = sand; 3 = fine gravel; 4 = coarse gravel;
5 = cobble; 6 = boulder; 7 = bedrock

ReachHab Weighted average of proportional cover of local habitat using
categories of: 1 = still; 2 = backwater; 3 = pool; 4 = run; 5 = riffle;
6 = rapid; 7 = cascade

DSDist2Coast Distance to coast (km)

USDaysRain Days/year with rainfall greater than 25 mm in the upstream
catchment

USLake Proportion of upstream catchment covered by lake

USWetland Proportion of upstream catchment covered by wetland

USIndigFor Proportion of upstream catchment covered by indigenous forest

USNative Proportion of upstream catchment covered by native vegetation

USPasture Proportion of upstream catchment covered by pasture

USGlacier Proportion of upstream catchment covered by glaciers

MALF Mean annual 7-day low flow (m®/sec)

MeanF Mean of all daily flows (m®/sec)

Feb Mean daily February flow divided by the overall mean daily flow

WidthQ5 Predicted wetted width (m) at 5th percentile of flow

FRE3 Predicted annual frequency of flows exceeding three times the
annual median flow

SedAdded The difference between the current and human-absent predicted

fine sediment cover (%)

statistics of flow volume, flow variability and stream width for all river
reaches. There are 567,299 river reaches, averaging ~700 m in length,
covering the entire surface water network across New Zealand. There
was very little collinearity between variables (Table S1).

2.2. Data analysis

2.2.1. Modelling macroinvertebrate occurrence

Random forests is a machine learning method that uses a collection
of regression trees, whereby each tree is fitted to a bootstrapped sample
(with replacement) and then validated on the out-of-bag sample (Brei-
man, 2001). Random forest predictions are the average of the pre-
dictions of each tree. Regression trees, and consequently random forests,
work by partitioning observations at splits of predictors that minimise
the sum of squares error. They have a high level of flexibility and can
handle non-linear relationships and complex interactions (Cutler et al.,
2007; Ellis et al., 2012; Hastie et al., 2009).

Random forests modelling was used to yield the probability of
occurrence for all macroinvertebrate taxa, or the probability of passing
the NBL for MCI and ASPM (90 and 0.3, respectively), using the po-
tential predictor variables in Table 2 and median DIN or DRP concen-
trations from the preceding 12 months. As both nutrients are often
correlated (Canning, 2020), separate models were constructed for each
nutrient. Taxa were only included in the study if they were present in at
least 20 surveys (n = 181 taxa included). Each model was made using
the ‘randomForest’ function (trees=500) from the randomForest pack-
age in R (Liaw and Wiener, 2002; R Core Team, 2016). The rfUtilities
package (Evans and Murphy, 2019) was then used to assess the
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performance (interrater reliability) of each model by calculating the
average Cohen’s Kappa (McHugh, 2012a) for the probability of occur-
rence for each taxon, or probability of NBL for indices, using 99
cross-validations, each with 20% data withheld. According to McHugh
(McHugh, 2012b), models that have strong levels of agreement have
Cohen’s Kappa values of at least 0.8 — a threshold we adopted for
considering a model’s performance as acceptable. The globally impor-
tant variables were also identified using the ‘importance’ function,
which measures the decrease in Gini index from splitting on each vari-
able, averaged over all trees.

2.2.2. Deriving nutrient criteria for every river reach and river type

For every model with a Cohen’s Kappa of at least 0.8, the probability
of taxon occurrence and probability of index NBL passing was predicted
in response to a DIN (at 0.05 mg/L increments) or DRP (at 0.001 mg/L
increments) gradient for every river reach, using the same environ-
mental conditions in the initial models. We then determined the DIN and
DRP concentrations predicted to yield a 20% change in the probability
of taxon occurrence or probability of biological index passing NBLs,
relative to that predicted at low nutrient levels (DIN=0.10 mg/L,
DRP=0.008 mg/L) that are broadly comparable to concentrations
observed in native cover reference conditions (Julian et al., 2017;
Larned et al., 2016; McDowell et al., 2013). We considered these the
observable effects concentrations. This resulted in a database of
observable effect DIN and DRP concentrations for every taxon and
biological index with good models at every river reach.

According to the Australia and New Zealand Guidelines for Fresh and
Marine Water Quality (ANZG, 2018), when setting pollutant limits
based on species protection, 99% species protection thresholds are
applicable to ecosystems with high ecological/conservation value, 95%
species protection thresholds are applicable for slightly to moderately
disturbed ecosystems, and 80-90% species protections is applicable for
highly disturbed ecosystems. As we set to compare species protection
thresholds with biological indicators set at the national bottom-line
(NBL) scores (broadly similar to scores set for highly disturbed sys-
tems), we calculated DIN and DRP criteria that protect 80% of taxa from
a 20% change in occurrence probability or protect the biological indices
from a 20% change in meeting the NBLs, relative to that predicted in low
nutrient conditions. Percentiles were calculated using the quantile
function in R.

2.2.3. Summarising nutrient criteria by river classifications

The ANZG (2018) also presents water quality guidelines for New
Zealand based on river-type, rather than individual river reaches, using
the New Zealand River Environment Classification (REC) system
(Snelder et al., 2010). The REC classifies each river reach into a grouping
with similar characteristics, based on landform, stream order, climate
and geology. Classification trees were used to group and summarise
streams with similar DIN or DRP criteria (for protecting 80% of taxa) by
the REC climate, geology and source of flow classifications. Trees were
calculated with a Poisson response distribution using the rpart package
in R (R Core Team, 2016; Therneau and Atkinson, 2022). Within each of
the resulting tree groupings, the median nutrient criteria and median
absolute deviation (MAD) was determined for all taxa protection levels.

3. Results
3.1. Random forest models

For the taxon-specific DIN-based random forest models, 100 taxa (of
181 assessed) had Cohen Kappa values of at least 0.8. On average across
all taxa, DIN was the most important predictor (based on mean decrease
in Gini index), followed by MALF (mean annual low flow) and MeanF
(mean flow), though there was substantial variation in magnitude of
variable importance between species (Fig. 2, Table S2). For the DRP-
based random forest models, 104 taxa (of 181 assessed) had Cohen
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Fig. 2. The reduction in the Gini Index for the five most important variables
(on average) in predicting the distribution of New Zealand riverine macro-
invertebrate species using random forests. The higher the Gini Index is, the
greater the variance and misclassification there is. Variables with the largest
reduction in Gini Index are more influential in yielding models with a better
classification rate. Panels (A) and (B) show DIN and DRP based models
respectively. Boxplots indicate the 5th, 25th, 50th’ 75th and 95th percentiles,
while dots indicate extreme values.

Kappa values of at least 0.8 and, on average across all taxa, DRP was the
most important predictor, followed by MALF and USDaysRain (average
number of days of rain annual in upstream catchment). Although again
there was considerable variation in magnitude of variable influence
between species (Fig. 2). The invertebrates whose distribution models
were most influenced by DIN or DRP are presented in Table 3.

All models for the biological indices (MCI and ASPM) had Cohen
Kappa values below 0.8, with values between 0.63 and 0.68 (Table 4,
Table S2). For all of the biological indicator models, the nutrient vari-
able was the most important predictor (based on mean decrease in Gini
index), followed by USHardness (upstream hardness), SedAdded
(anthropogenic sedimentation), and USNative (upstream native cover).

Table 3

Taxa whose random forest distribution models were most influenced by nutrient
concentrations. FFG indicates the functional feeding group. Scores indicate the
decrease in Gini index by inclusion of DIN or DRP as a predictor. Direction in-
dicates whether, on average, the taxa’s probability of occurrence increases or
decreases with nutrient enrichment.

Taxa FFG DIN DRP Direction
Aoteapsyche spp. Filter feeder 116.5 115.6 Increase
Hydrobiosis spp. Predator 107.1 101.4 Increase
Pycnocentrodes spp. Collector-gatherer 103.2 104.1 Increase
Psilochorema spp. Predator 100.1 118.1 Decrease
Austrosimulium spp. Filter feeder 92.0 88.2 Increase
Physella acuta Grazer 90.2 75.0 Increase
Orthocladiinae Collector-gather 88.7 88.0 Increase
Oligochaeta Deposit feeder 85.3 88.5 Increase
Ostracoda Scavenger 79.0 70.7 Increase
Pycnocentria Collector-gatherer 76.4 76.8 Increase
Platyhelminthes Predator 74.0 66.7 Increase
Archichauliodes diversus Predator 73.8 73.1 Decreases
Oxyethira spp. Filamentous algae 69.9 65.1 Increase
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Table 4

Confusion matrices from the predicted versus observed MCI (Stark and Maxted,
2007) and ASPM (Collier, 2008) macroinvertebrate indicator scores at riverine
monitoring sites across New Zealand. For both indicators, predictions were
made using two random forest models which differed in the nutrient used as a
predictor, one model used dissolved inorganic nitrogen (DIN) while the other
used dissolved reactive phosphorus (DRP).

Indicator Nutrient Classification Fail Pass
MCI DIN Fail 349 144
Pass 75 1201
DRP Fail 345 148
Pass 74 1202
ASPM DIN Fail 412 176
Pass 104 1077
DRP Fail 416 172
Pass 101 1080

3.2. Nutrient criteria within REC classes

The classification trees used to group REC river classes with similar
DIN concentrations that protect 80% of taxa, identified the larger rivers
(high order) as requiring the most stringent criteria (0.57 mg/L) and
smaller streams in cool climates and non-plutonic geology as requiring
the least stringent criteria (1.32 mg/L; Table 5). While the classification
trees used to group river classes with similar DRP concentrations that
protect 80% of taxa, identified high order rivers in low and mid gradient
valleys as requiring the most stringent criteria (0.019 mg/L), and rivers

Table 5

The mean DIN and DRP concentrations (mg/L) predicted to protect a given
proportion of macroinvertebrate taxa from a 20% change in occurrence proba-
bility across New Zealand’s rivers and streams, as classified (with regression
trees) into river environment classes following Snelder et al., 2010.

Number
of
reaches

Nutrient  River classification 80% 85% 90% 95%

DIN High order rivers 0.57 0.44 0.3 0.25
(HO)
Mid order rivers 0.76 0.56 0.35 0.25
(MO)
Low order rivers in 0.86 0.63 0.39 0.27
warm climates
(LO/W)
Low order rivers in 1.09 0.77 0.45 0.3
cool climates with
plutonic geology
(LO/C/PI)
Low order rivers in 1.32 0.89 0.45 0.3
cool climates with
all other geology
(LO/C/Al, HS, SS,
M, VA, VB)

30,485

111,733

104,509

287,780

27,048

DRP High order riversin ~ 0.019  0.016  0.013  0.012 29,683
low and mid

gradient valleys

(HO/LG, MG)

Low and mid order 0.024 0.018 0.014 0.012
rivers in low and

mid gradient

valleys (LO, MO/

LG, MG)

Rivers in high 0.029  0.02 0.016  0.012
gradient valleys

with cool wet and

extra wet climates

(HG/CW, CX)

Rivers in high 0.033 0.022 0.016 0.014
gradient valleys

with all other

climates (HG/CD,

WD, WW, WX)

232,367

94,813

204,692
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in high gradient valleys as requiring the least stringent criteria
(0.029-0.033 mg/L; Table 5).

4. Discussion

Nutrient enrichment is one of the most pervasive and rapidly
increasing detrimental impacts on aquatic ecosystems. Determining the
numerical criteria for nutrients to avoid these adverse impacts on bio-
logical communities is therefore critical for managing and mitigating
these effects. Historically these criteria have been determined using
correlations between biological indices and instream nutrient measures;
however, biological indices by their very nature summarise the state of
biological communities. Such summarisation potentially ignores idio-
syncratic responses of individual taxa to the multidimensional impacts
of nutrients. In this study, we compared the nutrient criteria determined
from modelling the response of individual taxa to nutrient increase and
those determined from the more traditional index nutrient correlations.
We established the DIN and DRP concentrations to prevent a 20%
change in the occurrence probability for 100 and 104 macroinvertebrate
taxa, respectively. We compared those nutrient criteria with those
modelled in an identical way for two commonly used biological indices
in New Zealand - the macroinvertebrate community index (MCI) and
the average score per metric (ASPM). However, models of the biological
indices did not reach our acceptable performance criteria, thus nutrient
criteria comparisons could not be made.

The poor performance of the biological index nutrient models may
result from species replacement and the generally depauperate macro-
invertebrate fauna in New Zealand (Thompson and Townsend, 2000).
Previous studies have found the species richness of New Zealand’s
macroinvertebrates can be insensitive to anthropogenic disturbances
such as flow reduction and/or land use change, there is simply a change
in the species present and/or their relative abundance rather than a
reduction in diversity (Death and Zimmermann, 2005; Dewson et al.,
2007; Townsend et al., 1997). Changes in species identity can be easily
overlooked if one is just focusing on biological indices and this may
explain why the models for the biological indices were less accurate than
those for individual taxa. However, the data used only allowed us to
examine indices that use taxa presence absence; indices that use changes
in absolute or relative abundance may prove more effective and warrant
further investigation.

Most species distribution models fitted the data extremely well. The
approach used here to model each individual taxa using random forests
and identify changes in probability of occurrence across nutrient gra-
dients is conceptually very similar to the gradient forest methodology
(Ellis et al., 2012), which has been previously applied to examining
nutrient gradients (Roubeix et al., 2017, 2016; Wagenhoff et al., 2012).
This study differed from those gradient forest approaches by using
Cohen’s Kappa to filter poor performing models and only create nutrient
criteria from taxa with well-performing models. For all those species
with good models, nutrient concentrations were usually the most
important variable determining the probability of occurrence. Approx-
imately 70% of rivers by length are estimated to have nutrient con-
centrations above that expected if they were in a natural state (Ministry
for the Environment and Stats NZ, 2020), it is perhaps not surprising
then that nutrient enrichment is such a dominant driver of invertebrate
community structure in New Zealand rivers and streams. Aside from the
direct impacts of nutrient enrichment, such as hypoxia and toxicity
(Camargo and Alonso, 2006; Dodds and Smith, 2016), the effect of nu-
trients on food quality and quantity are likely to be one of the strongest
pathways through which nutrient increases impact species. Other land
use changes, such as decreases in riparian vegetation or increases in
sedimentation, may not have been so important in the models because
their impacts are more indirect and/or localised.

The river classes with similar nutrient criteria, as identified by the
classification trees, were largely distinguished from each other by
stream order, slope, and to a lesser extent climate. In general, high order,
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low slope streams required more stringent nutrient criteria than their
low order, steeper counterparts. There are numerous differences be-
tween small and large streams, including forest cover, aeration, degree
of human impact, altitude, and flood frequency, all of which have the
potential to influence invertebrates. The random forest models, how-
ever, generally found stream size (as indicated by mean annual low flow,
mean flow, catchment rainfall, and stream width) as influential
secondarily to nutrient concentrations, but ahead of flood frequency,
upstream land use, and riparian vegetation cover. One plausible expla-
nation is that there is greater aeration over riffles in low order, high
slope streams, which could reduce the likelihood of hypoxia from
occurring. Another potential explanation is that the food base of higher
order streams comprises fine particulate organic matter (FPOM) more
than lower order streams (Doretto et al., 2020; Vannote et al., 2011).
FPOM will have greater cumulative surface area than CPOM, providing a
greater area for microbial attachment, increasing decomposition rates
and microbial conditioning of detritus with nutrients for detritivores.
Further investigation would be required into the frequency and severity
of hypoxic events and the size of particulate organic matter with stream
size in New Zealand to better understand these potential causal
pathways.

Detritivores dominated the taxa with models that were most influ-
enced by nutrient concentrations. As detritus is typically nutrient poor,
detritivores would benefit from nutrient enrichment as microbes
attached to detritus are able to take up dissolve nutrients and condition
detritus, improving the nutritional value and palatability, in turn,
relieving nutrient constraints to growth (Elser et al., 2000; Hessen et al.,
2013). This is an often-unrecognised pathway by which nutrient
enrichment can affect aquatic ecosystems even if algal growth remains
unaltered. A global meta-analysis by Ardon et al. (2021), synthesised the
findings from 184 studies, 885 experiments, and 3497 biotic responses
to nutrient enrichment, to examine how nutrient enrichment can alter
ecosystem structure and function. They found that both autotrophic and
heterotrophic pathways responded with similar magnitude to nutrient
enrichment. Furthermore, they did not find convincing evidence of
trophic buffering with either pathway. That is, the magnitude of the
response to nutrient enrichment did not decline with increasing trophic
level under either pathway. Thus, even in rivers without observable
changes in algal biomass, alterations in the heterotrophic pathway from
nutrient enrichment can have profound impacts at higher trophic levels.

4.1. New Zealand’s freshwater management framework

New Zealand’s freshwater ecosystems are primarily managed by
regional authorities (16 regional and district councils), which establish,
enact and enforce regional plans. Regional plans outline the values and
goals held by local communities with respect to waterways (amongst
other environmental matters), and stipulate the rules, limits, targets,
approval frameworks used in managing land use and activities within
the jurisdiction.

At the national level, the National Policy Statement for Freshwater
Management (NPS-FM 2020) stipulates components and processes that
must be adopted when regional authorities develop regional plans.

The NPS-FM 2020 is guided by the Maori (NZ First Nations People)
concept of ‘Te Mana o te Wai,” which refers to the fundamental impor-
tance of water and recognises that protecting the health of freshwater
protects the health and well-being of the wider environment. Within Te
Mana o te Wai, there is a hierarchy of obligations that need to be fol-
lowed when making freshwater management decisions:

1. The health and well-being of water bodies and freshwater
ecosystems.

2. The health needs of people (such as drinking water).

3. The ability of people and communities to provide for their social,
economic, and cultural well-being, now and in the future.

Water Research 246 (2023) 120731

Therefore, when making freshwater management decisions, social
and economic needs cannot take precedence over the essential needs for
healthy freshwater ecosystems. In the context of these obligations, the
NPS-FM (2020) contains four values that are compulsory for regional
authorities to maintain and improve (where degraded) at all natural
freshwater ecosystems:

1. Ecosystem Health. This value stipulates five biophysical components
(water quality, water quantity, habitat, aquatic life, and ecological
processes) that must all be suitably managed to sustain the indige-
nous aquatic life expected in the absence of human disturbance or
alteration.

2. Human Contact. This value stipulates the management of factors,
such as pathogens, clarity, flow, and toxicants, to support human
recreation, such as swimming, fishing, and boating.

3. Threatened Species. In addition to the requirement for Ecosystem
Health, this value requires additional management measures be
adopted to support the recovery of threatened species where needed.

4. Mahinga kai. This value requires management to uphold traditional
Maori uses, harvests and customary practices.

When maintaining and improving freshwater ecosystem health, the
NPS-FM (2020) also stipulates minimum environmental standards
(termed ‘National Bottom Lines’ - NBL) for a suite of physical, chemical,
and biological indicators. If a natural freshwater ecosystem fails any
relevant NBL, then regional authorities must improve the waterway to at
least the NBL within a generation. NBLs of relevance to rivers include:
periphyton cover, ammonium and nitrate toxicity, dissolved oxygen,
suspended and deposited fine sediment, the Macroinvertebrate Com-
munity Index (MCI), the Average Score Per Metric (a macroinvertebrate
index; ASPM), and Escherichia coli. In addition to these indicators and
standards, regional authorities are required to implement any other
indicators and standards necessary to manage freshwater ecosystem
health and meet the expectations of local communities.

While there are NBLs for nitrate and ammonium concentrations
based on laboratory toxicity studies, these concentrations have not been
developed to support ecological health. The NPS-FM (2020) requires
that regional authorities set instream standards for nitrogen and phos-
phorus to support the achievement of any indicator affected by nutrients
and meet the requirements of nutrient-sensitive downstream environ-
ments. This direction is outlined in section 3.13 of New Zealand’s Na-
tional Policy Statement for Freshwater Management 2020, which states:

(1) “To achieve a target attribute state for any nutrient attribute, and
any attribute affected by nutrients, every regional council must,
at a minimum, set appropriate instream concentrations and ex-
ceedance criteria, or instream loads, for nitrogen and
phosphorus.

(2) Where there are nutrient-sensitive downstream receiving envi-
ronments, the instream concentrations and exceedance criteria,
or the instream loads, for nitrogen and phosphorus for the up-
stream contributing water bodies must be set so as to achieve the
environmental outcomes sought for the nutrient-sensitive
downstream receiving environments.

(3) In setting instream concentrations and exceedance criteria, or
instream loads, for nitrogen and phosphorus under this clause,
the regional council must determine the most appropriate form(s)
of nitrogen and phosphorus to be managed for the receiving
environment.

(4) Every regional council must adopt the instream concentrations
and exceedance criteria, or instream loads, set under subclauses
(1) and (2) as nutrient outcomes needed to achieve target attri-
bute states.

(5) Examples of attributes affected by nutrients include periphyton,
dissolved oxygen (Appendix 2A, Tables 2 and 7 and Appendix 2B,
Tables 17, 18, and 19), submerged plants (invasive species)
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(Appendix 2B, Table 12), fish (rivers) (Appendix 2B, Table 13),
macroinvertebrates (Appendix 2B, Tables 14 and 15), and
ecosystem metabolism (Appendix 2B, Table 21).”

In practice, this directive requires regional authorities to identify
suitable nutrient criteria that support achieving multiple indicator tar-
gets, including the MCI (Stark and Maxted, 2007) and ASPM (Collier,
2008) bioindicators examined here, and adopt the most protective
criteria to support the achievement of all ecosystem health indicator
targets. While previous relationships have been established in academic
literature between nutrient concentrations and epilithon cover (benthic
algae growing on rocks) (Biggs, 2000; Kilroy et al., 2019; Snelder et al.,
2019), further work, beyond nutrient-macroinvertebrate relationships,
is required to inform relationships between nutrients and other fresh-
water ecosystem components, such as dissolved oxygen, ecosystem
metabolism, forms of periphyton other than epilithon, aquatic plants,
and fish (Canning, 2020).

The present study seeks to inform the nutrient criteria adoption
process by establishing relationships between instream nutrient con-
centrations and macroinvertebrate outcomes. Although the models of
the MCI and ASPM had unsatisfactory performance, using the present
findings, regional authorities can identify nutrient criteria that protect a
desired proportion of macroinvertebrate taxa (i.e., 80%, 90% or 95%)
from a large change in occurrence probability. To exemplify how
nutrient criteria derived here may be applied, Table 6 shows a selection
of river monitoring sites in lowland rural areas across New Zealand’s
Manawatu River catchment. This shows the current 5-year median
(monthly sampling) DIN and DRP concentrations (from www.lawa.co.
nz), and the target concentrations and reduction (%) required to meet

Table 6
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the target concentrations, depending on the level of protection desired.

The level of protection adopted would be a normative management
decision, informed by community aspirations and any potential conse-
quential impacts on ecosystem health and other values. Decision makers
need to be cognisant that the impacts of disrupting sensitive taxa may
not necessarily be linear to the proportion of taxa disrupted, particularly
if disturbed species have keystone ecological positions or are valued by
the community more so than others (Rooney and McCann, 2012;
Saint-Béat et al., 2015; Zhao et al., 2016). For example, Canning and
Death (2021) demonstrated, using food webs rivers across the Mana-
watu region (NZ), non-linear responses in total system throughflow of
energy, respiration, indirect flow intensity, relative ascendency, and
food web synergism, across a nutrient enrichment gradient. Further
research is needed to understand the ecosystem-wide impacts of altering
species most sensitive to change from nutrient enrichment in different
river types across New Zealand.

Although the models of biological indices had unsatisfactory per-
formance, biological indicators are still valuable as they can indicate a
combination of pressures (Al-Zankana et al., 2020; Kath et al., 2018;
Noges et al., 2016; Poikane et al., 2020). Potential pressures that were
not directly included as model predictors include changes in: observed
oxygenation, detritus composition, extreme temperature events, pesti-
cide and herbicide runoff, pharmaceuticals in wastewater, microplastics
(Mora-Teddy and Matthaei, 2020), physical habitat, salinity, climate,
hydrology, and hyporheic interactions (Beermann et al., 2018; Blocher
et al., 2020; Matthaei et al., 2010; Mouton et al., 2022). The NPS-FM
(2020) mandates the use of the examined biological indices and re-
quires they be managed through an adaptive framework. Adaptive
management refers to a systematic process for improving policies and

The current dissolved inorganic nitrogen (DIN) and dissolved reactive phosphorus (DRP) concentrations (mg/L) at six sites across the Manawatu River catchment,
along with potential target concentrations and reductions (%) estimated to protect either 80%, 85%, 90%, or 95% (threshold), of macroinvertebrate taxa from a
substantial change in occurrence probability. Site river environment classifications (REC) are also provided following Snelder et al., 2010, along with coordinates using
NZGD2000 (EPSG: 4167). NR indicates ‘no reduction’ required to comply with criteria.

Site name Manawatu at Manawatu at Opiki Oroua at Awahuri Mangatainoka at Pohangina at Mais Mangapapa at
Hopelands Bridge Bridge Brewery Reach Troup Rd
Coordinate Northing —40.359787 —40.435014 —40.275647 —40.422678 —40.224579 —40.341929
Easting 175.961725 175.468598 175.521583 175.861913 175.782998 175.847880
REC CW/L/SS/P/HO/ CW/L/M/P/HO/LG  CD/H/M/P/HO/ CW/L/Al/P/HO/LG CW/H/HS/P/HO/ CW/L/M/P/MO/
LG LG LG LG
Current DIN 0.64 0.60 0.82 0.74 0.05 0.28
concentration (mg/L)
Threshold Current DRP 0.028 0.020 0.019 0.016 0.014 0.013
concentration (mg/L)
80% Target DIN 0.57 0.57 0.57 0.57 0.57 0.76
concentration (mg/L)
Reduction required (%) —11 -5 -30 -23 NR NR
Target DRP 0.190 0.190 0.190 0.190 0.190 0.024
concentration (mg/L)
Reduction required (%) NR NR NR NR NR NR
85% Target DIN 0.44 0.44 0.44 0.44 0.44 0.56
concentration (mg/L)
Reduction required (%) -31 -27 —46 —41 NR NR
Target DRP 0.016 0.016 0.016 0.016 0.016 0.016
concentration (mg/L)
Reduction required (%) —43 —-20 -16 NR NR NR
90% Target DIN 0.30 0.30 0.30 0.30 0.30 0.35
concentration (mg/L)
Reduction required (%) —-53 -50 —63 -59 NR NR
Target DRP 0.013 0.013 0.013 0.013 0.013 0.014
concentration (mg/L)
Reduction required (%) —54 -35 —-32 -19 -7 NR
95% Target DIN 0.25 0.25 0.25 0.25 0.25 0.25
concentration (mg/L)
Reduction required (%) —61 —58 -70 —66 NR -11
Target DRP 0.012 0.012 0.012 0.012 0.012 0.012
concentration (mg/L)
Reduction required (%) —57 —40 -37 —25 —14 -8
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practices by learning from the monitoring outcomes of previously
implemented decisions and adjusting strategies based on that feedback
(Eberhard et al., 2009; Keith et al., 2011; Kingsford et al., 2011). Given
that the biological indices can respond to a range of pressures,
continuing with an adaptive management framework for these indices
would still be prudent, with the individual taxa based nutrient criteria
derived in the present study used as a complement to, rather than a
replacement of, adaptively managed biological indices. The derived
nutrient criteria could serve as a guide as to whether nutrients are likely
to be affecting invertebrate assemblages and if nutrient reductions may
be required. If current nutrient concentrations are well within the
criteria but the biological indices indicators poor health, then the
adaptive management response should examine and reduce other po-
tential stressors further until the desired level of health is achieved.

5. Conclusion

Our modelling suggests that DIN and DRP are amongst the most
important factors determining the distributions of New Zealand mac-
roinvertebrates and thus the associated biological indices. However, the
loss of information caused by summarising an entire assemblage into the
biological indicators examined resulted in inferior models to those for
individual taxa. We consider that examining all species individually,
rather than a general biological indicator, will be more informative and
accurate for deriving nutrient criteria to safeguard freshwater ecosystem
health. Although ecosystem health goals have historically been set with
reference to biological assemblage indices, setting nutrient criteria to
achieve the desired outcomes would be better achieved by using taxa
individually and then summarising the results.
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