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Research Impact Statement: A novel method demonstrates uncertain regression models can be used to define
regional-scale nutrient concentration targets for managing river eutrophication.

ABSTRACT: Nutrient concentration targets are an important component of managing river eutrophication.
Relationships between periphyton biomass and site characteristics for 78 gravel-bed rivers in New Zealand were
represented by regression models. The regression models had large uncertainties but identified broad-scale dri-
vers of periphyton biomass. The models were used to derive concentration targets for the nutrients, total nitro-
gen (TN) and dissolved reactive phosphorous (DRP), for 21 river classes to achieve periphyton biomass
thresholds of 50, 120, and 200 mg chlorophyll a m�2. The targets incorporated a temporal exceedance criterion
requiring the specified biomass threshold not be exceeded by more than 8% of samples. The targets also incorpo-
rated a spatial exceedance criterion requiring the biomass thresholds will not be exceeded at more than a fixed
proportion (10%, 20%, or 50%) of locations. The spatial exceedance criterion implies, rather than requiring speci-
fic conditions at individual sites, the objective is to restrict biomass to acceptable levels at a majority of locations
within a domain of interest. A Monte Carlo analysis was used to derive the uncertainty of the derived nutrient
concentration targets for TN and DRP. The uncertainties reduce with increasing size of the spatial domain.
Tests indicated the nutrient concentration targets were reasonably consistent with independent periphyton bio-
mass data despite differences in the protocols used to measure biomass at the training and test sites.

(KEYWORDS: watershed management; nutrients; eutrophication; algae; environmental regulations; uncertainty
analysis.)

INTRODUCTION

Eutrophication of rivers due to enrichment by
plant nutrients, primarily nitrogen and phosphorus,
is a significant global environmental issue (Vitousek
et al. 1997; Smith et al. 1999; Dodds 2006; Dodds
et al. 2008; Conley et al. 2009; Snelder et al. 2018).
The need to reduce anthropogenic inputs of nutrients
to rivers to avoid harmful eutrophication has been
widely recognized (Dodds and Welch 2000; Dodds
et al. 2008; Conley et al. 2009). Eutrophication of

shallow gravel-bed rivers is manifested as high bio-
mass of periphyton (primarily algae attached to the
surface of the river bed), which can be measured as
areal cover, chlorophyll a (hereafter chlorophyll), or
cell biovolume (Biggs 2000). Although periphyton is
an important component of river food webs (Kiffney
et al. 2001; Finlay et al. 2002; Liess and Hillebrand
2006), high periphyton biomass can have negative
effects on habitat quality, water chemistry, and biodi-
versity, and can degrade recreation and aesthetic val-
ues (Suren et al. 2003; Suplee et al. 2009; Jakus
et al. 2017). Nutrient concentration targets aimed at
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restricting the occurrence of high periphyton biomass
are therefore an important component of efforts to
manage the eutrophication of gravel-bed streams and
rivers worldwide (Smith et al. 1999; Dodds and Smith
2016; Bennett et al. 2017).

Three approaches to define nutrient concentration
targets for rivers to achieve a range of ecological out-
comes are based on: (1) reference state nutrient con-
ditions, (2) identifying nutrient concentrations that
represent significant shifts in aquatic ecosystem
structure and function, and (3) linking water column
nutrient concentrations to measures of autotrophic
state (e.g., benthic chlorophyll abundance in gravel-
bed rivers). Examples of the first approach are the
use of the 75th and 80th percentile of regional refer-
ence site nutrient concentrations as guidelines in the
United States (U.S.) and Australia and New Zealand
(ANZECC 2000; USEPA 2000). In the U.S., the Envi-
ronmental Protection Agency also recommends the
use of the 5th–25th percentile of observed nutrient
concentrations, especially where reference sites are
not established (USEPA 2000). The second approach
defines thresholds or “change points” that split a
dataset representing ecosystem structure and func-
tion into two populations that have significant differ-
ences in their mean or variance (King and
Richardson 2003; Sheeder and Evans 2004; Smith
et al. 2007; Wang et al. 2007; Smith and Tran 2010;
Wagenhoff et al. 2017). Under the third approach,
relationships between water column concentrations of
either dissolved inorganic or total nutrients and ben-
thic or suspended chlorophyll are the basis for deriv-
ing nutrient concentration targets (e.g., Van
Nieuwenhuyse and Jones 1996; Biggs 2000; Dodds
et al. 2002).

A recent regulation in New Zealand, where strong
increasing trends in nutrient concentrations have
been associated with intensification of agricultural
land use (Snelder et al. 2018), requires regional coun-
cils (regional authorities responsible for managing
water quality) to establish nitrogen and phosphorus
targets for rivers. The National Objectives Frame-
work (NOF) mandates the third approach for defining
nutrient targets described above by requiring that
regional councils limit periphyton biomass (measured
as benthic chlorophyll) in all gravel-bed rivers and
streams to specified levels (NZ Government 2017).
The NOF defines four periphyton states (known as
bands A, B, C, and D) with thresholds A/B, B/C, and
C/D of 50, 120, and 200 mg/m2, respectively. The
measurement metric is the 92nd percentile value of
monthly periphyton chlorophyll observations; this
allows for one exceedance of a threshold per year (on
average) for a site to achieve the lower (i.e., better)
state. The NOF allows regional jurisdictions (coun-
cils) to select a desired periphyton state, which may

vary between rivers, to reflect choices regarding the
acceptable tradeoff between resource use and envi-
ronmental protection. However, the NOF specifies
that the periphyton state cannot be set at band D
(i.e., >200 mg/m2). If the chosen periphyton states are
exceeded, councils must plan and implement actions
to reduce chlorophyll. Where chosen states are cur-
rently being achieved, councils must establish limits
on nutrient discharges. The implementation of these
regulations is, therefore, dependent on defining nutri-
ent concentration targets that ensure that periphyton
biomass is restricted to the required levels.

Many studies have linked mean biomass, mean
summer biomass, or biomass during periods of low
flow to nutrient concentrations, across sites (e.g.,
Welch et al. 1988; Dodds et al. 1997; Biggs 2000;
Dodds and Welch 2000; Dodds 2006; Heatherly et al.
2008). In general, these studies find positive associa-
tions between nutrient concentrations and biomass,
but these tend to be weak. For example, Dodds (2006)
explained a maximum of 40% of the variation in
annual mean and maximum chlorophyll observed at
between 199 and 250 sites in an international dataset
as a function of concentrations of nitrogen and phos-
phorus. Snelder et al. (2014) explained a maximum of
45% of the variation in mean and maximum periphy-
ton cover derived from 22 years of monthly sampling
at 78 sites despite including explanatory variables in
addition to nitrogen and phosphorus concentrations.
At least three factors probably contribute to the rela-
tively low confidence in nutrient–periphyton relation-
ships. First, blooms of periphyton are episodic and
occur only when a combination of environmental con-
ditions coincides such as a long period of stable flow,
and favorable temperature, light, and nutrient con-
centrations (Biggs 1996). Regular and long-term (e.g.,
monthly sampling over a time scale of multiple years)
sampling of periphyton at monitoring sites is there-
fore required to accurately establish their potential to
develop high biomass. Because monitoring is expen-
sive, long-term datasets describing periphyton
dynamics at multiple sites are rare. Second, periphy-
ton biomass in rivers is determined by a range of
environmental factors in addition to nutrient supply,
including hydrological and light regimes, grazing by
invertebrates, and the suitability and stability of riv-
erbed substrates (Biggs et al. 1998; Davies-Colley and
Quinn 1998; Dodds et al. 2002; Boothroyd et al. 2004;
Dodds and Smith 2016). Measurements of some of
these factors are not straightforward (e.g., grazing
pressure by invertebrates, bed sediment stability).
Third, water column concentrations are used as a
proxy for nutrient availability. The algae in periphy-
ton obtain nutrients from the surrounding medium,
which is usually the overlying water but can include
the periphyton mat itself when nutrients are released
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from organic compounds during chemical (redox) pro-
cesses (Dodds 2003). Furthermore, during long peri-
ods of accrual, periphyton may be taking up
nutrients as fast as they are being supplied from
upstream so that concentrations become decoupled
from availability (Dodds 2003). Despite these complex
interactions between factors, simple multivariate
regression models of periphyton biomass and derived
nutrient targets are often consistent with conceptual
understanding of growth and loss processes that
determine biomass dynamics (Biggs 1996). For exam-
ple, Dodds and Smith (2016) found that chlorophyll
for a given nitrogen concentration was higher in
ecoregions with warmer temperatures and higher
light. The targets of Biggs (2000) are linearly and
inversely related to the frequency of high flows.
Snelder et al. (2014) found that biomass was posi-
tively related to nutrient concentrations, available
light, and temperature, and negatively related to the
magnitude of low flows and the frequency of high
flows. This suggests that these models describe the
coarse-scale drivers of periphyton biomass but with
high site-scale uncertainty (Dodds et al. 2002).

Management of eutrophication generally starts by
establishing objectives for trophic state in receiving
water bodies, as described for the New Zealand exam-
ple above (Dodds et al. 1998). Nutrient targets that
will allow the biomass objective to be achieved are
then generally defined, and a range of management
actions to restrict instream nutrients to these levels
are devised (USEPA 2007). Because management
actions involve costs, the uncertainties associated
with the analyses are generally of interest. For exam-
ple, it may be important to understand the probabil-
ity that the management actions will achieve the
objectives and how this varies with the cost. How-
ever, the uncertainties associated with nutrient tar-
gets are rarely described in sufficient detail that the
likelihood of success of management actions can be
evaluated.

This study derived nutrient targets for New Zeal-
and gravel-bed rivers using empirical models with low
site-scale certainty (i.e., low R2), but which described
biomass–environment relationships that were consis-
tent with conceptual understanding of periphyton
dynamics. Our targets have two features not generally
incorporated in traditional targets. First, the targets
define concentrations for which a specified proportion
of sites within environmentally defined river classes is
expected to exceed nominated biomass thresholds.
The targets utilize the general biomass–environment
relationship described by the models and acknowledge
site-scale inaccuracy by allowing for a degree of spa-
tial exceedance of the biomass thresholds. Second, the
targets are associated with uncertainties that depend
on the size of the domain of interest (i.e., number of

sites under consideration). The uncertainties decrease
as the size of the domain of interest increases, which
reflects the broad-scale generality but high site-scale
uncertainty of the underlying models. As well as
describing the derivation of the targets, we describe a
test of the derived thresholds using independent peri-
phyton and nutrient data collected from sites dis-
tributed throughout New Zealand.

METHODS

The methods used to derive and test the nutrient
targets involved multiple steps and two separate
Monte Carlo analyses. An overview of the methods is
shown in Figure 1.

Training Dataset

River Water Quality Monitoring Net-
work. The training dataset for this study was the
same as that of Snelder et al. (2014) and comprised
National Rivers Water Quality Network (NRWQN)
data for the period from 1989 to 2010 (22 years). The
NRWQN comprises 77 sites located on 48 of New
Zealand’s rivers, of which 66 were used in this study
(Figure 2). The NRWQN was specifically designed to
broadly represent variation in main stem rivers
across New Zealand (Smith and Maasdam 1994;
Davies-Colley et al. 2011). Starting in 1989, visual
assessment of the cover of filamentous and mat-form-
ing algae in transects spanning wadeable depths from
0.15 to 0.6 m has been carried out each month at
NRWQN sites. In addition, since 1989, water quality
has been sampled monthly and flows have been moni-
tored continuously (Davies-Colley et al. 2011). More
intensive biomonitoring is carried out annually at all
sites and includes a visual assessment of substrate
size class composition reported as the percentage of
bed covered by the following size classes: silt and
sand (<2 mm), small gravel (2–32 mm), large gravel
(32–64 mm), small cobbles (64–128 mm), large cobbles
(128–256 mm), and boulders (>256 mm).

The dataset excluded 11 NRWQN sites for various
reasons including: sites that do not support conspicu-
ous periphyton biomass; sites with large numbers of
missing periphyton observations or dominated by
macrophytes; and sites on large rivers that had logis-
tical difficulties for sampling periphyton and artifi-
cially fluctuating water levels (for details see Snelder
et al. 2014). The retained sites were located on med-
ium to large rivers (mean and median daily discharge
83 and 33 m3/s).
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As for Snelder et al. (2014), records for some sites
were split into two portions to account for significant
changes through the time period and the two portions
of the record were treated as separate sites in the
analyses that follow. Five sites were split due to
changes in site locations that were required for oper-
ational reasons. Five sites were split due to obvious
changes in mean water quality. Fourteen sites were
split because they were colonized by the invasive alga
Didymosphenia geminata (Kilroy et al. 2009). The
abundance of D. geminata responds to factors that
differ from those that promote blooms of other algae
in New Zealand rivers (Bothwell et al. 2014). For this
reason, the portion of the record prior to the estab-
lishment of D. geminata was retained; the second
portion was discarded. After excluding some sites and
splitting others, the training dataset included a total
of 78 sites comprising either the entire record of the
NRWQN site or part thereof and 11,050 sample occa-
sions.

Periphyton Data. Monthly observations of peri-
phyton cover were available for the retained sites.
Periphyton observations were made in run habitats
that were representative of the river segment (de-
fined by upstream and downstream confluences) in
which the sampling site was located. Where possible,
10 replicate observations of 0.5 m radius patches of
riverbed were made at equally spaced points across a
wadeable cross section of the river using an underwa-
ter viewer. The proportions of the bed occupied by fil-
aments > 2 cm long and mats > 2 mm thick were
estimated. Because most NRWQN sites are on med-
ium to large rivers, some observations were confined
to the wadeable margin from one bank or, at 10% of
sites, to observations from bridges or cableways
(Quinn and Raaphorst 2009).

For each site the mean of the 10 replicate observa-
tions in each survey was calculated to produce a time
series of monthly estimates of the proportion of the
bed covered by filaments and mats. The cover

FIGURE 1. Schematic overview of the methods. Weighted composite cover (WCC) is a metric representing periphyton abundance (see
Training dataset). REC, River Environment Classification.
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estimates were aggregated into a single metric called
weighted composite cover (WCC), which is defined as:

WCC ¼ 0:5� Coverm þ Coverf ; ð1Þ

where Coverm is the mean cover by mats, and Coverf
is the mean cover by filaments (Matheson et al.
2012). The scaling applied to Coverm is based on the
guideline that filaments and mats are problematic if
they exceed 30% and 60% of the visible stream bed
(generally < 0.75 m deep), respectively (MFE 2000).

Environmental Variables. Environmental vari-
ables that were expected to explain between-site vari-
ation in WCC were derived for each training site
from monthly observations of water quality and daily
mean flows and from nearby climate station data
(Table 1). The relevant set of environmental variables
was selected based on a conceptual model that repre-
sented periphyton abundance as a consequence of
counteracting processes of biomass accrual and loss
(Biggs 1996). We assumed that between-site differ-
ences in accrual rates were determined by differences
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FIGURE 2. Locations of the 66 National Rivers Water Quality Network sites (back crosses) that were the source of the model training data.
Large lakes and main stem rivers are shown as gray polygons and lines respectively.
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in growth rate and that this is controlled primarily
by nutrient supply, light and temperature. Between-
site differences in biomass loss were assumed to be
determined primarily by hydrological disturbance
(i.e., high flows, and changes of flows; Biggs 1996).
We also anticipated that biomass accrual would be
related to hydrological conditions, particularly the
magnitude of low flows and changes of flow. Sites
with small low flows and infrequent flow changes are
likely to have periods of low water velocity that favor
the development of some filamentous taxa (Suren
et al. 2003; Flinders and Hart 2009). Differences in
loss rates between sites may also arise due to differ-
ences in invertebrate grazer abundance and grazing
rates (Dodds and Welch 2000; Rutherford et al. 2000)
and differences in channel morphology (Uehlinger
1991; Doyle and Stanley 2006). Our environmental
data did not include these data explicitly, but we
assumed that some between-site differences in grazer
density and channel morphology was accounted for
by the hydrological indices (Quinn and Hickey 1990).

The 95th percentile of the monthly spot measure-
ments of water temperature at each site was calcu-
lated and used to represent peak water temperature
(T95). Nutrient concentrations were represented by
the median of the observed monthly concentrations of
dissolved reactive phosphorus (DRP, mg/m3), total
nitrogen (TN, mg/m3) and dissolved inorganic nitro-
gen (DIN, mg/m3).

The flow regime at each site was represented with
hydrological indices derived from the time series of
mean daily flow. The frequency of high flows was rep-
resented by the number of events per year that
exceeded three times the long-term median flow
(FRE3). If the time interval between an event drop-
ping below the threshold and the next event rising

above the threshold was less than five days, only a
single event was counted. Rates of increase in flow
were represented by the number of days on which
flow was less than that of the previous day (nNeg).
We estimated nNeg for each site by first counting the
number of days in each year for which the flow
reduced on the subsequent day. nNeg for each site
was the mean of these values over years. Sites with
large values of nNeg have steep rising limbs and can
be considered hydrologically flashy. The mean annual
seven-day low flow divided by the mean flow was
used to represent the low flow magnitude (MALF7).
We derived this index for each site by first estimating
the minimum of a seven-day moving average flow in
each year of record. MALF7 was the mean of these
annual values divided by the mean daily flow for the
entire record.

The observed proportion of bed covered by the sub-
strate size classes in each year were transformed into
a single substrate index, as described by (Jowett and
Richardson 1990). The mean of the annual values
was used as the explanatory variable (Substrate).

We used a method similar to that of Julian et al.
(2008) to estimate photosynthetically active radiation
(PAR) reaching the riverbed. The method comprised
four steps. First, we estimated the mean daily solar
radiation (R, MJ/m2) at the water surface in the
absence of shade based on solar radiation recorded at
nearby climate stations. Second, we estimated the
attenuation of the light beam through the water col-
umn using the method of Davies-Colley and Nagels
(2008). This method estimates the diffuse light atten-
uation coefficient (Kd) based on water column clarity
and absorbance. Clarity was measured by black disk
clarity (cBD) and absorbance by light absorption of
membrane filtrates at 340 nm (g340), which is an

TABLE 1. Environmental variables derived for each training data site.

Environmental
variable Description Units Derivation

T95 95th percentile of water temperature °C Analysis of monthly spot water temperature
observations

TN Median total nitrogen mg/m3 Analysis of monthly water quality observations
DIN Median dissolved inorganic nitrogen mg/m3 Analysis of monthly water quality observations
DRP Median dissolved reactive phosphorus mg/m3 Analysis of monthly water quality observations
FRE3 Frequency of flows three times the median year�1 Analysis of mean daily flow time series
MALF7 Mean annual seven-day low flow/mean flow Unitless Analysis of mean daily flow time series
nNeg Number of negative differences between days year�1 Analysis of mean daily flow time series
Substrate Index of bed substrate size Unitless Mean of time series of annual substrate

composition observations
R Mean daily solar radiation MJ/m2 Solar radiation recorded at nearby climate stations.
cBD Black disk clarity m Analysis of monthly water quality observations
g340 Light absorption coefficient of membrane

filtrates at 340 nm
m�1 Analysis of monthly water quality observations

S Segment shade (%) Observations made at each site in summer 2007
PAR Photosynthetically active radiation (µmol/m2/s1) Derived from R, cBD and g340 based on Equations

(1–3).
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index of colored dissolved organic matter. Both cBD
and g340 are measured each month at the NRWQN
sites. We used the annual mean of the observed val-
ues to estimate the mean annual values of Kd using
the following formula:

log Kdð Þ ¼ 0:228� log g340ð Þ
�0:466� log cBDð Þ � 0:0803:

ð2Þ

At the third step we estimated the mean annual
value for light at the stream bed in the absence of
shade (L, MJ/m2) using the following formula:

L ¼ R� e�Kd�d; ð3Þ

where the water depth (d, m) was the mean depth at
which observations were made at each site. Finally,
PAR reaching the riverbed was estimated as:

PAR ¼ 53:2� L� 0:01� 100� Sð Þ; ð4Þ

where S is the proportion of the bed surface in shade
(%), taking into account all times of the day, which
was based on observations at each site carried out in
summer 2007 (Quinn and Raaphorst 2009). The con-
stant 53.2 is a factor to convert the daily average light
energy (MJ/m2) to daily average PAR (µmol/m2/s).

Predictor Dataset

We used relationships derived using the training
dataset to predict WCC across all river segments in a
digital representation of New Zealand’s river network
provided by the River Environment Classification
(REC) (Snelder and Biggs 2002). The river network
comprises 72,300 segments (defined by upstream and
downstream confluences) of order four or greater with
a mean length of ~700 m that is contained within a
geographic information system.

Predictions across the river network required val-
ues of the environmental variables that were derived
for the training dataset (Table 1). These values are
hereafter referred to as “predictors” (Table 2) and
were either already available or were estimated for
every segment of the digital river network.

Estimates of the three hydrological indices (FRE3,
MALF7, and nNeg) for all segments of the digital net-
work were made using random forest (RF) models fit-
ted to data obtained from 321 flow gauging stations
based on variables describing the characteristics of
the network segment and its upstream catchment
(Snelder and Booker 2013). Similarly, values for
black disk clarity (cBD) were made using RF models
fitted to data from 382 water quality monitoring sites
using methods and data described by Snelder et al.

(2018). Values for T95 and g340 were derived from
RF models fitted to observations made at the
NRWQN sites using the same predictor variables and
methods as Snelder et al. (2018). The uncertainty of
estimates of the above six variables was quantified by
the root mean square deviation (RMSD) of each of
the RF models (Table 2).

The predictor PAR was estimated for each network
segment based on Equations (2–4). Water depth (d) in
Equation (3) was assumed to be 0.35 m, being the
middle of the wadeable depths at which the periphy-
ton observations were made. The model used to esti-
mate (Kd) (Equation 2) had a high coefficient of
determination (~0.95; Davies-Colley and Nagels 2008).
We therefore assumed the uncertainty of Kd was asso-
ciated with the uncertainties of g340 and cBD. Mean
daily solar radiation (R) was interpolated from climate
station data using thin plate splines with a character-
istic generalized cross validation error of only 3%
(Leathwick et al. 2002) and it was assumed that this
error could be ignored. The amount of shade (S) had
previously been estimated for each segment using
satellite data, the estimated width of the segment,
and a model of the expected vegetation canopy height,
given the summer air temperature (Leathwick et al.
2005). No estimates of uncertainty were available for
this predictor. Therefore, the uncertainty associated
with PAR was based entirely on the uncertainties of
the estimates of g340 and cBD.

The environmental variable Substrate did not
make significant contributions to the models explain-
ing between-site variation in WCC. Therefore, a pre-
dictor representing this environmental variable for
all segments of the digital river network was not
required.

River Classes

Each segment of the digital river network is associ-
ated with the REC classification (Snelder and Biggs
2002), the second level of which was used to stratify
the variation in the response of periphyton biomass

TABLE 2. Predictor variables estimated for all segments of the
digital river network and uncertainties (RMSD).

Predictor RMSD (units)

FRE3 4.47 (year�1)
MALF7 0.12 (unitless)
nNeg 14.18 (year�1)
Clarity 0.20 (log10 m)
G340 1.86 (m�1)
T95 1.49 (°C)
R Assumed negligible
S Not available

Note: See Table 1 for descriptions of the predictors.
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to drivers. The second level of the REC groups the
segments of the digital river network (order ≥ 4) into
21 classes, which are referred to as source-of-flow
classes, based on differences in climate (Level 1 of
the REC) and topography of their upstream catch-
ment (Level 2) (Table 3). Source-of-flow classes (re-
ferred to hereafter as REC classes) discriminate
differences in the drivers of periphyton biomass
including the hydrological indices (Snelder et al.
2005), physical and chemical characteristics of the
water column (Larned et al. 2016) and climate
(Snelder et al. 2014). Nutrient concentration targets
corresponding to a given WCC were therefore
expected to be reasonably uniform within each REC
class, but with large differences between classes. The
between-class differences were expected to be under-
standable in terms of the conceptual model of peri-
phyton abundance (Biggs 1996).

Independent Data

Independent observations of periphyton biomass
(as chlorophyll) and nutrient concentrations were
obtained for 173 river-monitoring sites in six regions;
Northland, Bay of Plenty, Manawatu-Wanganui,
Wellington, Canterbury, and Southland (Table 4, Fig-
ure 3). The independent monitoring sites were located
on medium-sized rivers (mean and median annual
discharge of 18 and 4.4 m3/s) that were selected to
cover a gradient in nutrient concentration and hydro-
logical regimes in each region and were sampled
monthly. Periphyton was sampled following the
methods described in Kilroy et al. (2013) from
reaches up to 100 m long, which were selected to rep-
resent the river segment in which they were located.
Briefly, periphyton was scrubbed/scraped from a
defined area on each of the 10 rocks (from one or
more transects) and all 10 samples were pooled into a
single sample. The datasets were of limited duration
and therefore comprised generally small numbers of
observations at all sites (Table 4.). At each site, the
mean and 92nd percentile of chlorophyll and the
median of nutrient concentrations were calculated
and hereafter these site statistics are referred to as
the observed chlorophyll and nutrient concentrations.

The independent dataset also contained 9,155
paired observations of WCC and chlorophyll at 154
sites. These data were used to define a model of
chlorophyll as a function of WCC.

Statistical Models of Periphyton Biomass

Stepwise multiple linear regression was used to fit
two models to the 92nd percentile values of WCC for

the 78 training sites, based on the environmental
variable data (Table 2). The explanatory variables
available for model fitting process included T95,
FRE3, MALF7, nNeg, and PAR. In the first model,
nutrients were represented by TN and the ratio of
DIN to DRP (NPratio). In the second model, nutrients
were represented by DRP. The nutrient variables
were log (base 10) transformed to make their distri-
butions approximately normal and to improve their
relationship with the 92nd percentile values of WCC.

Standard forward and backward stepwise linear
regression was applied to the saturated models (i.e.,
models that had access to all explanatory variables).
The Akaike information criterion (AIC; Akaike 1973)
was used to apply a penalized log-likelihood method
to evaluate the tradeoff between the degrees of free-
dom and fit of the model as explanatory variables
were added or removed (Crawley 2002). The proce-
dure identified the preferred model as that with the
lowest AIC value.

We also fitted a third regression model that
described the relationship between site median val-
ues of chlorophyll and WCC at the 154 independent
test sites at which both measurements had been
made. This model was used to convert predictions of
WCC made by the first two regression models to
chlorophyll.

Derivation of Nutrient Targets and Uncertainties

The nutrient targets and their uncertainties were
assessed for each of the 21 REC classes using a
Monte Carlo simulation that involved using the
regression models to make predictions for all seg-
ments of the digital river network. The simulations
derived nutrient targets for “spatial domains” defined
by 25, 100, and 1,000 river network segments and
the uncertainties of the targets were evaluated for
each class and domain size. The simulations pro-
ceeded as follows.

1. For spatial domains of size N so that
N 2 25; 100; 1; 000f g segments, a single realiza-
tion commenced by drawing N network seg-
ments randomly from all segments for each of
the 21 REC classes.

2. Nutrient concentrations were set to constant
values for all selected segments. The NPratio
was fixed at 13.5, which was the mean value
across all NRWQN sites.

3. Random error was added to each of the predic-
tors used by the regression models of WCC that
were additional to the predictors representing
nutrient concentrations (i.e., the predictors in
Table 2). It was assumed that all errors were

JAWRA JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION8

SNELDER, MOORE, AND KILROY



independent (i.e., not correlated) and the errors
were normally distributed with a standard devi-
ation equal to each predictor’s RMSD.

4. The two regression models representing WCC
were combined with the predictors to make pre-
dictions of the 92nd percentile values of WCC
for all N segments in each REC class.

5. The model predictions were back transformed
and corrected for retransformation bias using a
smearing coefficient (Duan 1983). The WCC val-
ues were then converted to chlorophyll using
the regression model representing the WCC and
chlorophyll relationship and a random error was
added by drawing from a normal distribution
with a standard deviation equal to the RMSD of
the derived model of the relationship.

6. Step 3 was repeated while the nutrient concen-
trations were incremented in 20 equal-sized
steps of log-transformed values from 1 to the
maximum of the site median values observed in
the training dataset.

7. The concentrations for which 10%, 20%, and
50% of segments exceeded five chlorophyll
thresholds (50, 120, 200, 400, and 800 mg/m2)
were interpolated from the output for each real-
ization. The additional thresholds of 400 and
800 mg/m2 were included so that the modeled
response extended beyond the NOF chlorophyll

band thresholds to enable subsequent testing
using the independent data.

8. Steps 1–7 were repeated for 1,000 realizations.
9. For each spatial domain size (25, 100, or 1,000

segments), the mean values of the 1,000 realiza-
tions at which 10%, 20% and 50% of segments
exceeded the of chlorophyll thresholds were
retained as the nutrient targets.

10. The standard deviations of the values over the
1,000 realizations were retained as the stan-
dard errors of the nutrient targets. The esti-
mated standard error was used to construct
95% confidence intervals as follows:

CI95 ¼ threshold� 1:96�
ffiffiffiffiffiffiffi

SE
p

: ð5Þ

Testing

The derived nutrient targets were tested using the
observed chlorophyll at the independent sites.
Because the observed 92nd percentile chlorophyll for
each site is calculated from a small sample, it is
subject to uncertainty that was quantified as follows.
Snelder et al. (2014) showed that observations of
periphyton biomass (measured as cover) are

TABLE 3. Defining characteristics, categories, and membership criteria of the RECs at the two levels used in this analysis.

Level Defining characteristic Categories Notation Category membership criteria

Level 1 Climate Warm-extremely wet WX Warm: mean annual temperature > 12°C
Cool: mean annual temperature < 12°C
Extremely Wet: mean annual effective precipitation 1 > 1,500 mm
Wet: mean annual effective precipitation > 500 and < 1,500 mm
Dry: mean annual effective precipitation < 500 mm
Warm: mean annual temperature > 12°C

Warm-wet WW
Warm-dry WD
Cool-extremely wet CX
Cool-wet CW
Cool-dry CD

Level 2 Topography Glacial mountain GM GM: M and % permanent ice > 1.5%
Mountain M M: >50% annual rainfall volume above 1,000 m a.s.l.
Hill H H: 50% rainfall volume between 400 and 1,000 m a.s.l.
Low elevation L L: 50% rainfall below 400 m a.s.l.
Lake Lk Lk: Lake influence index > 0.033

Note: Note that the notation for the categories is used to define the REC classes in Figures 4 and 5.

TABLE 4. Details of the independent dataset.

Region Number of sites Date range Number of samples per site

Northland 27 January 2013–May 2018 20–51
Bay of Plenty 19 December 2015–December 2017 8–23
Manawatu-Wanganui 59 December 2008–June 2017 11–103
Wellington 19 August 2015–August 2017 10–24
Canterbury 20 July 2011–June 2014 29–35
Southland 9 November 2014–February 2018 16–39

Note: The locations of the sites and regions are shown in Figure 3.
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approximately exponentially distributed. The test
data were analyzed to confirm that periphyton bio-
mass, measured as chlorophyll, is also exponentially
distributed. The quantile function for an exponential
distribution is defined as:

C ¼ ln Prð Þ � l; ð6Þ

where µ is the mean value and Pr (0 ≤ Pr < 1) is
the probability that biomass C is exceeded. The dis-
tribution can be used to estimate the expected

value of the 92nd percentile from the mean of the
observations by setting Pr to 0.08. The standard
error of the mean is estimated from the observa-
tions as:

SEmean ¼ s
ffiffiffi

n
p ; ð7Þ

where s is the standard deviation of the observations
and n is the number of samples. The standard error
for the observed 92nd percentile chlorophyll was
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FIGURE 3. Locations of the 173 sites (black crosses) that were the source of the independent test data. The regional council boundaries are
shown and the regions in which the sites were located are labeled.
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derived by substituting the standard error of the
mean (Equation 7) into Equation (6).

Predicted values of 92nd percentile chlorophyll and
their standard errors were derived for each test site
from the nutrient targets for each of the three spatial
exceedance criteria (10%, 20%, and 50%) in three
steps. First, the REC class of each site was used to
look up the derived nutrient concentration targets
corresponding to the five biomass thresholds (50, 120,
200, 400, and 800 mg/m2) and for the three spatial
exceedance criteria. Second, the predicted 92nd per-
centile chlorophyll was derived for each site and spa-
tial exceedance criterion by interpolation from the
relationship between chlorophyll and the nitrogen
and phosphorus nutrient targets. Third, the standard
errors for the predicted 92nd percentile chlorophyll
were interpolated from the nutrient targets.

The observed and predicted values of the 92nd per-
centile chlorophyll were inspected using scatter plots.
Theoretically, 10%, 20%, and 50% of the test sites
will have observed biomass that exceeded the pre-
dicted chlorophyll when the predictions were made
based on the corresponding spatial exceedance crite-
rion. However, both the observed and predicted
chlorophyll were subject to uncertainty. To take this
uncertainty into account, a Monte Carlo simulation
was made in the following manner.

1. A realization of the observations at each site was
made by adding a random error to the observed
92nd percentile chlorophyll. The error was
derived by drawing from a normal distribution
with a standard deviation equal to the standard
error of the observed 92nd percentile chlorophyll.

2. A realization of the predictions at each site was
made by adding a random error to the predicted
92nd percentile chlorophyll. The error was
derived by drawing from a normal distribution
with a standard deviation equal to the standard
error of the 92nd percentile chlorophyll associ-
ated with the nutrient target concentrations.
Predictions were derived from both the nitrogen
and phosphorus targets for exceedance criteria of
10%, 20%, and 50% and for spatial domains of
100 segments, which is the spatial domain size
closest to the size of the test dataset of 173 sites.

3. The proportion of sites at which the realized
observed chlorophyll exceeded the realized pre-
dicted chlorophyll was calculated.

4. Steps 1–3 were repeated 1,000 times. The mean
and standard deviation over all realizations of
the proportion of sites at which the observed
chlorophyll exceeded the predicted were
retained.

5. The performance of the nutrient targets was
judged by considering whether the proportion of

the observed 92nd percentile chlorophyll that
exceeded the predicted values was consistent
with the expectations defined by the exceedance
criteria. We considered the test results consis-
tent when the 95% confidence interval for the
proportion of observations exceeding predictions
included the exceedance criteria.

RESULTS

Statistical Models of Periphyton Biomass

The first regression model fitted a realization of
the observations at each site was made by adding a
random error to the observed 92nd percentile value
of chlorophyll of WCC included TN and the ratio of
DIN to DRP and six other explanatory variables and
had an r2 of 40% (Table 5). The second model
included DRP and five other explanatory variables
and had an r2 of 36% (Table 5). The third regression
model fitted to the independent site values of median
of log10 chlorophyll and had an r2 of 61% (Table 5).

Nutrient Targets

Within all REC classes, for a given spatial excee-
dance criterion, the nutrient targets were similar across
the spatial domain sizes, hence the mean values over
the three domain sizes are presented as the targets
(Figures 4 and 5). The target concentrations increased
as the biomass threshold increased, and the target con-
centrations increased (i.e., were more lenient) as the
spatial exceedance criteria increased (Figure 4). For
REC classes and biomass thresholds, the target uncer-
tainties (i.e., standard errors) decreased as the size of
the domain of interest increased (Figure 5). A complete
set of targets and the estimated standard errors for the
three domain sizes (25, 100, and 1,000) and three spa-
tial exceedances (10%, 20%, and 50%) are provided as
Supporting Information tables.

The nutrient targets varied systematically with
REC classes. For example, targets were lower (more
stringent) in climate categories that have higher tem-
peratures and higher solar radiation (i.e., WD, WW,
and WX < CD, CW, and CX; Figure 5). Targets were
higher (less stringent) in climate categories that have
higher rainfall and rainfall frequency than categories
with dryer climates (i.e., CX, CW, WW > CD, WD;
Figure 5). The categories representing variation in
topography were associated with a pattern in targets
Lk < L < GM < M < H; Figures 4 and 5).
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Testing

Chlorophyll was approximately exponentially dis-
tributed at sites based on the correspondence
between the observed 92nd percentile of chlorophyll
and the same values calculated from the mean of the
observations using Equations (5 and 6) (Figure 6).
The standard error of the observed 92nd percentile of
chlorophyll was therefore estimated using the
observed site mean chlorophyll and Equations (5 and
6).

Scatter plots indicated that the number of sites
with observed chlorophyll exceeding the predictions
based on the TN and DRP targets, increased as the
spatial exceedance criterion increased (Figure 7).
Theoretically, 10%, 20%, and 50% of the observed
chlorophyll should exceed the predicted (i.e., lie above
the one-to-one line on Figure 7).

For spatial exceedance of 10% and 20%, the simple
count proportions of sites exceeding (i.e., not account-
ing for uncertainty of either the observed or predicted
value) were lower than expectations (Table 6). For
the 50% spatial exceedance criteria, 50% of sites had
observed values that exceeded the predicted values
for TN (i.e., exactly as expected; Table 6). For the
50% spatial exceedance criteria, 83% of sites had
observed values that exceeded the predicted values
for DRP (i.e., higher than expected; Table 6).

The Monte Carlo analysis of the observed and pre-
dicted chlorophyll indicated that the independent test
data were consistent with the derived nutrient tar-
gets for the 10% and 20% exceedance criteria for
DRP (i.e., the 95% confidence interval for the propor-
tion of sites exceeding the biomass thresholds
included 10% and 20%; Table 6). The upper limit of
the 95% confidence interval for the proportion of sites
predicted to exceed the 10%, 20%, and 50% biomass
thresholds for TN were lower than the respective
exceedance criteria, indicating the criteria were too
conservative for the independent sites. The lower
limit of the 95% confidence interval for the proportion
of sites predicted to exceed the 50% biomass thresh-
olds for DRP was >50%, indicating the criteria are
too permissive for the independent sites.

The Monte Carlo analysis also indicated that the
proportion of test sites for which observed chlorophyll
exceeds predicted were reasonably consistent over
REC classes. The uncertainties of the proportions of
sites for which observed chlorophyll exceeds predicted
were higher for REC classes with fewer sites (Fig-
ure 8). However, the upper 95% confidence interval
for the proportion of sites predicted to exceed biomass
thresholds for spatial exceedances of the 10% and
20% for TN was <10% and 20% for all but one REC
class, indicating the targets are consistently too per-
missive. For nearly all other REC classes and nutri-
ent targets, the 95% confidence interval contained
the expected proportion of sites with observed chloro-
phyll exceeding the 10%, 20%, and 50% exceedance
criteria (Figure 8). This indicates that the observa-
tions in those cases were consistent with the nutrient
concentration targets.

DISCUSSION

Approach to Defining Nutrient Targets

The three approaches to defining nutrient concen-
tration targets for rivers have different strengths and
weaknesses. Although targets are easily defined
based on reference state nutrient conditions, they are
arbitrary and ignore biologic responses (Smith and
Tran 2010). Basing targets on changes in aquatic
ecosystem structure and function incorporates bio-
logic responses but the approach relies on identifying
a significant change point and does not produce a tar-
get that achieves a specified level of biologic response.
Basing targets on relationships between water col-
umn nutrient concentrations and measures of peri-
phyton biomass provides for targets that are linked
to specific levels of biologic response (e.g., Biggs

TABLE 5. Details of the regression models derived from the train-
ing dataset.

Explanatory
variables Coefficient

r2,
% RMSD

Smearing coef-
ficient

Model 1 (response
p
WCC)

Intercept 0.93 40 1.94 3.78
Log10 TN 2.6
Log10 NPratio �1.02
FRE3 �0.16
MALF7 �5.8
nNeg �0.02
T95 0.21
PAR 0.008
Model 2 (response

p
WCC)

Intercept 6.72 36 2.01 4.06
Log10 DRP 21.3
FRE3 �0.19
MALF7 �7.2
nNeg �0.03
T95 0.25
PAR 0.007
Model 3 (response log10 chlorophyll)
Intercept 0.40 61 0.33 1.30p
WCC 0.24

Note: The RMSD values are in the units of the transformed
response variables;

p
WCC for Models 1 and 2 and log10 chloro-

phyll for Model 3. The smearing coefficient was added to the back-
transformed predictions made from Models 1 and 2 and was used
to multiply the predictions from Model 3.
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2000). However, a valid criticism of this approach is
that relationships between water column nutrient
concentrations and measures of autotrophic state
(e.g., benthic chlorophyll in gravel-bed rivers) are
generally weak (Welch et al. 1988; Van Nieuwen-
huyse and Jones 1996; Dodds and Welch 2000; Dodds
et al. 2002; Lewis et al. 2010; Snelder et al. 2014).
Weak relationships arise because autotrophic

response to nutrients are complicated by multiple
and interacting environmental factors, cycling of bio-
logically active pools of nutrients, variation in biotic
assemblages, and the naturally high spatiotemporal
variability of lotic ecosystems (Dodds et al. 2002; Ben-
nett et al. 2017). We also recognize that periphyton
response in rivers is associated with complex interac-
tions between nitrogen and phosphorus. To make our
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FIGURE 4. Derived targets for TN and DRP for selected REC classes to achieve varying periphyton biomass thresholds and the three
spatial exceedance criteria. The solid lines represent the target concentrations and the dashed lines represent the estimated 95% confidence

interval for the targets.
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approach tractable, we ignored these interactions and
defined separate models that provide criteria for
nitrogen and phosphorus that are independent of
each other. In addition, we also had to make simplify-
ing assumptions such as keeping the nitrogen to
phosphorus ratio constant when making predictions
using our models.

The approach taken by this study acknowledges
that our regression models linking periphyton bio-
mass to environment were weak and, therefore,
uncertain at the site scale. However, the models
included broad-scale drivers of periphyton biomass
including nutrient concentrations, flow regime, and
climate in a manner that is consistent with a concep-
tual model of the processes of growth and loss (Biggs
1996). The models therefore provide descriptions of
variation in the response of benthic chlorophyll to
water column nutrient concentrations that are pri-
marily regional in nature (Dodds et al. 2002; Snelder
et al. 2014). Our approach combines the models’
description of broad-scale variation with the assump-
tion that, rather than requiring specific conditions at
an individual site, the management objective is to
restrict biomass to acceptable levels at a majority of
locations within a domain of interest. The nutrient

targets are therefore associated with a biomass out-
come that incorporates a degree of spatial noncompli-
ance (i.e., the objective is to maintain biomass at or
below the nominated thresholds at 90%, 80%, or 50%
of sites within the domain of interest). The inclusion
of a spatial exceedance criterion acknowledges that
within a spatial domain, there will be some sites that
fail to comply with the biomass threshold and predic-
tions of the proportion of these exceedances are more
accurate than where they occur. The use of our tar-
gets is therefore contingent on management objec-
tives that allow a degree of spatial exceedance. A
spatial exceedance criterion introduces a new compo-
nent in the definition of a nutrient target, but it is
consistent with the way most water quality targets
allow for temporal exceedance (e.g., use of medians or
other percentiles).

Although the existence of spatial exceedance in
nutrient targets is not always acknowledged, it is
generally implicit in targets. For example, Miltner
(2010) used change point analysis to identify points
on gradients in DIN and TP that split sites into two
populations having significant differences in their
benthic chlorophyll biomass. Because these change
points are associated with uncertainties, sites with

50−TN 50−DRP

20−TN 20−DRP

10−TN 10−DRP

C
X

G
M

C
X

M

C
X

H

C
X

L

C
X

Lk

C
W

G
M

C
W

M

C
W

H

C
W

L

C
W

Lk

C
D

M

C
D

H

C
D

L

C
D

Lk

W
X

L

W
X

H

W
W

H

W
W

L

W
W

Lk

W
D

L

W
D

Lk

C
X

G
M

C
X

M

C
X

H

C
X

L

C
X

Lk

C
W

G
M

C
W

M

C
W

H

C
W

L

C
W

Lk

C
D

M

C
D

H

C
D

L

C
D

Lk

W
X

L

W
X

H

W
W

H

W
W

L

W
W

Lk

W
D

L

W
D

Lk

0

50

100

150

0

100

200

300

400

100

200

300

400

0

200

400

600

0

500

1000

1500

2000

2500

0

2500

5000

7500

10000

REC class

C
on

ce
nt

ra
tio

n 
(m

g 
 m

−3
)

Number of segments 25 100 1000

FIGURE 5. Derived nutrient targets (mg/m3) for each REC class to achieve the periphyton biomass threshold of 200 mg chlorophyll m�2.
The plot shows the derived targets for domains of 25, 100, and 1,000 segments and three spatial exceedance criteria of 10%, 20%, and 50%.
Panel labels indicate the spatial exceedance criteria and the target nutrient (TN or DRP). The dots define the estimated targets and the error
bars are the upper and lower confidence limits (as defined by the standard error). Missing error bars indicate that the uncertainties could
not be evaluated for the class and domain size. Note that the y-axis scales on each panel differ.

JAWRA JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION14

SNELDER, MOORE, AND KILROY



nutrient concentrations at or near the derived targets
have an approximately equal probability of coming
from either population. Therefore, defining the target
at the change point would imply an exceedance crite-
rion of 50%. Similarly, the uncertainty associated
with Biggs’ (2000) regression models means that the
derived targets are concentrations at which approxi-
mately half of the sites will have biomass that
exceeds the designated biomass threshold.

Credibility of Targets

The derived nutrient targets varied between REC
classes in a manner that is consistent with the con-
ceptual model and the environmental character of the
classes. Lower concentration targets in climate cate-
gories with higher temperatures and higher solar
radiation is consistent with hypothesized higher
growth rates in these environments. Higher concen-
tration targets in climate categories with higher and
more frequent rainfall is consistent with these envi-
ronments having more frequent high (flushing) flows

and less frequent periods of extended low flow com-
pared to dry climates (Snelder et al. 2005). System-
atic variation in concentration targets across
topography categories is also consistent with the
influence of topography on the frequency of high
flows. For example, within climate categories, nutri-
ent targets were lowest for the lake (Lk) topography
category. This reflects the buffering of flow variation
in catchments with lakes and consequently lower flow
variability than would be expected for catchments in
this climate category if lakes are absent (Snelder
et al. 2005). There was also a tendency for the Hill
topography category to have higher concentration tar-
gets than the Mountain category. This is due to hill-
dominated catchments having a relatively nonsea-
sonal and consistent response to precipitation,
whereas mountain-dominated catchments tend to
have stable winter flows due to precipitation falling
as snow and high low flows due to snowmelt during
summer (Snelder et al. 2005).

Nutrient targets derived by other studies for par-
ticular rivers or types of rivers are within the range
of values derived by our study, which cover rivers
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mean of the observations and the theoretical exponential distribution (x-axis). The correspondence between the two sets of estimates

indicates that chlorophyll observations at a site are approximately exponentially distributed.
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with widely ranging sensitivity to eutrophication. For
example, Miltner (2010) derived targets for DIN and
TP in streams in Ohio of 435 and 38 mg/m3, respec-
tively. We note that median DIN concentrations
were, on average, 50% of median TN at our study
sites but this ranged from <5% to over 90%. Median
DRP was, on average, 40% of the TP at our study
sites but this ranged from <5% to nearly 80%. Smith

and Tran (2010) identified threshold responses for
large rivers in New York State at 410–1,200 mg TN/
m3 and recommended a target of 700 mg TN/m3

based on significant shifts in responses of benthic
macroinvertebrate metrics. Dodds et al. (1997)
derived targets of 350 mg TN/m3 and 30 mg TP/m3 to
restrict mean benthic chlorophyll below a threshold
of 100 mg/m2 in the Clarke Fork River in Montana.
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TABLE 6. Performance of the nutrient targets based on the independent chlorophyll dataset.

Variable
Spatial

exceedance
Simple proportion

exceeding (%)
Mean proportion
exceeding (%)

Standard error mean propor-
tion exceeding (%)

95% confidence
intervals (%)

TN 10 0 2.3 1.0 0.3–4.3
20 6 8.8 1.8 5.3–12.3
50 50 42.2 3.2 35.0–48.5

DRP 10 4 7.8 1.8 4.3–11.3
20 17 19.9 2.5 15.0–24.8
50 83 58.7 3.5 51.8–65.6
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The TP targets recommended by Stevenson et al.
(2008) of 10 and 12 mg TP/m3 based on responses of
algal assemblages to anthropogenic enrichment in
streams of the Mid-Atlantic Highlands are within the
range of our DRP targets. However, our targets are
generally an order of magnitude higher than those
suggested by Biggs (2000). We attribute this to differ-
ences in the characteristics of our training and test
sites, compared to those of Biggs (2000). Sites in the
Biggs (2000) study had generally low nutrient concen-
trations, high water clarity, unrestricted solar radia-
tion, and substrates favorable to accumulation of
biomass, whereas sites in the current study covered a
wide range in these characteristics.

The tests on independent data indicate that for
DRP and the 10% and 20% spatial exceedance crite-
rion, the nutrient targets are consistent with obser-
vations (considering the uncertainties associated
with both the observations and targets). The tests
indicate that the targets are too permissive for DRP
for 50% spatial exceedance (i.e., the concentration
targets are too low) and are consistently too conser-
vative for TN (i.e., the concentration targets are too
high). The disagreement between the TN targets
and independent observations may be because the
relationship between biomass and TN at test sites
differs to that at NRWQN sites from which the tar-
gets were derived. This is potentially due to differ-
ences in the sampling methodologies between the
two datasets (i.e., cover vs. biomass sampling) or
differences in the characteristics of the training
sites compared to the independent sites (e.g., there
was a factor of 5 and 8 difference in the mean and
median daily flows at the training sites compared to
the independent sites). However, the tests also indi-
cated that the proportion of sites exceeding the bio-
mass thresholds was consistent across REC classes
(Figure 8). The results of the independent tests
could be used to recalibrate the targets, such that
the targets derived for the nominal spatial excee-
dance criteria of 10%, 20%, and 50% can be consid-
ered to apply to spatial exceedances of 2%, 9%, and
42% of sites (Figure 8).

Target Uncertainties and Relevance to Nutrient
Management

Our approach used predictions that were uncertain
at the site scale to estimate the proportion of loca-
tions that exceed given thresholds over broad scales.
Our target uncertainties are therefore not the error
associated with the site-specific prediction of biomass,
but the error associated with the more general pre-
diction of what proportion of sites will exceed a given
threshold. When predicting the proportion of sites

exceeding a threshold, errors associated with the
individual segment-scale predictions tended to cancel
each other (because errors associated with segment-
scale predictions of chlorophyll were positive and neg-
ative). The degree to which the errors canceled out
(i.e., the tendency of the errors to sum to zero)
depended on the number of segments being consid-
ered and increased as the number of segments
increased. Thus, the uncertainty associated with our
nutrient targets depends on the number of segments
under consideration and is largest for domains com-
prising 25 segments and smallest for domains of
1,000 segments. For example, for TN and 20% spatial
exceedance, mean uncertainty for the three biomass
thresholds (50, 120, 200 mg/m2) were close to 160%
for a domain of interest comprising 25 segments. For
domains of interest comprising 100 and 1,000 seg-
ments the uncertainties for all three biomass thresh-
olds were 60% and 20%, respectively. Similarly, for
DRP and 20% spatial exceedance, mean uncertainty
for the three biomass thresholds and domains of 25,
100, and 1,000 segments were approximately 600%,
60%, and 13%, respectively.

CONCLUSIONS

In New Zealand, the management of nutrients is
mandated by the NOF, which requires that numeric
objectives for periphyton biomass are set for rivers.
In turn, nutrient targets must be defined that will
allow the biomass objectives to be achieved and these
are then used to develop and justify management
actions such as limiting future land use intensifica-
tion and reducing nutrient discharges from existing
land use. A similar logic applies to the implementa-
tion of total maximum daily loads for nutrients in the
U.S. (Dodds and Welch 2000). Management of river
eutrophication therefore requires that resource man-
agers have tools to estimate nutrient targets. The
nutrient targets provided by this study are consistent
with these requirements and apply to all rivers in
New Zealand. The targets account for broad-scale
variation in the response of periphyton to nutrient
enrichment and define spatially variable concentra-
tion targets to achieve a given periphyton biomass
threshold.

An important aspect of the nutrient targets
derived by this study is the estimation of their associ-
ated uncertainties. Nutrient management strategies
are generally devised using a combination of models
including nutrient generation models such as the
farm-scale nutrient budgeting OVERSEER (Mon-
aghan et al. 2007), catchment groundwater and
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surface water nutrient transport, and transformation
models such as SPARROW (Elliott et al. 2005) and
biologic response models such as the nutrient concen-
tration–periphyton biomass relationships represented
by this study. Quantitation of the overall uncertainty
arising from a chain of models is an important part
of developing a management strategy for at least two
reasons. First, it provides a measure of confidence
associated with a catchment nutrient management
strategy or different versions thereof. Second, a full
quantitation of the uncertainty associated with the
chain of models enables the identification of the most
limiting (in terms of confidence) component. This
information is vital if resources are to be directed to
improve confidence in strategies to manage river
eutrophication.

These nutrient targets are recommended for use in
gravel-bed rivers in New Zealand where alternative
information is not available and provided that the
adopted management objective is consistent with the
spatial exceedance associated with the chosen tar-
gets. When considering uncertainty, a judgment is
required regarding the domain of interest over which
a management action is expected to achieve a peri-
phyton management objective. The domain of interest
needs to be expressed in terms of the number of digi-
tal river network segments. It is also noted that more
than one REC class will be represented when the
domain of interest is large. Judgment will be needed
in these situations to choose the appropriate target
uncertainty.

SUPPORTING INFORMATION

Additional supporting information may be found
online under the Supporting Information tab for this
article: Tables of targets and associated standard
errors for both nutrients, three biomass thresholds,
all REC classes and domains of differing numbers of
sites.
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