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ESTIMATION OF CATCHMENT NUTRIENT LOADS IN NEW ZEALAND USING MONTHLY
WATER QUALITY MONITORING DATA1

T.H. Snelder, R.W. McDowell, and C.E. Fraser2

ABSTRACT: Causes of variation between loads estimated using alternative calculation methods and their
repeatability were investigated using 20 years of daily flow and monthly concentration samples for 77 rivers in
New Zealand. Loads of dissolved and total nitrogen and phosphorus were calculated using the Ratio, L5, and L7
methods. Estimates of loads and their precision associated with short-term records of 5, 10, and 15 years were
simulated by subsampling. The representativeness of the short-term loads was quantified as the standard deviation of the 20 realizations. The L7 method generally produced more realistic loads with the highest precision
and representativeness. Differences between load estimates were shown to be associated with poor agreement
between the data and the underlying model. The best method was shown to depend on the match between the
model and functional and distributional characteristics of the data, rather than on the contaminant. Short-term
load estimates poorly represented the long-term load estimate, and deviations frequently exceeded estimated
imprecision. The results highlight there is no single preferred load calculation method, the inadvisability of “unsupervised” load estimation and the importance of inspecting concentration-flow, unit load-flow plots and regression residuals. Regulatory authorities should be aware that the precision of loads estimated from monthly data
are likely to be “optimistic” with respect to the actual repeatability of load estimates.
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(Environment Agency, 2013) and prohibiting certain
land use practices such as application of manure in
winter (Iowa State Legislature, 2010). Irrespective of
the approach, policies and actions must be linked to
quantified nutrient discharges and measurable environmental impact at the catchment scale (Meals,
1996).
Agriculture has intensified in New Zealand over
the last 20 years, in particular, dairy farming, resulting in localized eutrophication of some water bodies
due to increased nutrient loads (Parliamentary

INTRODUCTION

Management of diffuse sources of nutrients discharging into aquatic environments is an important
issue facing most countries with intensive agriculture
(Daily et al., 1997; McDowell et al., 2015). Policy
responses that aim to decrease the load of nutrients
lost from land to water include restricting nutrient
inputs to land such as restricting nitrogen fertilizer
or slurry inputs in nitrate vulnerable zones
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Phillips et al., 1999; Preston et al., 1989; Quilb
e
et al., 2006; Robertson and Roerish, 1999). Uncertainty comprises two components: bias, or average
difference between the estimated and true load; and
imprecision, which describes the variance of the estimates. In general, studies have found that one load
calculation method will often provide the least uncertain estimate for a specific site and contaminant; but
that no method is consistently superior. The uncertainty of the methods has been shown to depend on
many factors including the frequency of sampling
(Defew et al., 2013; Robertson and Roerish, 1999),
duration of the sampling period (Littlewood et al.,
1998), the size of the watershed (Phillips et al., 1999),
the distributional characteristics of the contaminants
(Preston et al., 1989; Young et al., 1988), the strength
and form of the flow-concentration relationship
(Cohn, 2005; Preston et al., 1989; Richards and Holloway, 1987), the catchment sources of the contaminants (Johnes, 2007), and the characteristics of the
flow regime (Johnes, 2007; Preston et al., 1989). The
most appropriate method is therefore widely regarded
as being dependent on the characteristics of the site
and contaminant (Kronvang and Bruhn, 1996; Quilb
e
et al., 2006).
While these previous studies provide useful
insights into the shortcomings of low-frequency monitoring data for estimating loads, regulatory authorities often find themselves in a position where they
need to calculate catchment loads from limited data.
Water quality monitoring on a monthly basis is common practice for monitoring water quality state and
trends in New Zealand and in other countries. For
the majority of catchments, the data available to estimate nutrient loads are a combination of these
monthly concentrations and continuous flow records.
The periods over which these data are available are
variable and often relatively short (e.g., less than a
decade; Larned et al., 2004). Loads calculated from
these data using different methods can vary considerably. However, there is a lack of objective methods to
assess which method provides the most robust estimates. It has also been shown that distributional and
functional characteristics of concentration and discharge can differ by large amounts between years
(Young et al., 1988). Thus, load estimates made from
monthly concentration data for short time periods
may poorly represent loads estimated for another
time period, and their associated precision may under
estimate the true repeatability of the estimate. However, these issues have not been examined, despite
their importance in the calibration of models and
determination of minimum detectable changes in
loads.
To address these issues, this study aimed to: (1)
quantify the magnitude of differences in nutrient

Commissioner for the Environment, 2013). In
response to this, recent government legislation in
New Zealand, the National Policy Statement for
Freshwater Management (NPS) (Ministry for the
Environment, 2014), requires provincial regulatory
authorities (regional councils) to clarify freshwater
objectives and to promulgate measures, such as
catchment nutrient load limits, to ensure that the
objectives can be achieved. In response to the NPS,
regional councils are increasingly estimating nutrient
discharge limits for catchments, and devising management strategies and monitoring programs to
ensure that these limits are met (Roygard et al.,
2012). Accurate estimates of average annual catchment nutrient loads and their precision are needed to
calibrate models that underlie these strategies and to
quantify the degree of change in a load that can be
considered statistically significant. Key questions that
must be addressed by regulatory authorities are: (1)
What is the mean annual catchment load? and (2)
Has the load changed and does it currently exceed
the catchment load limit? These are not trivial questions and must consider the availability of suitable
data, differences in estimates associated with alternative load calculation methods, and the uncertainty
associated with the load estimates.
Catchment nutrient loads are generally calculated
from a combination of discrete low-frequency measurements of concentration (e.g., monthly) and flow,
which is often measured at higher frequencies (e.g.,
daily) (Defew et al., 2013; Dolan et al., 1981; Hirsch,
2014; Preston et al., 1989; Quilb
e et al., 2006).
Numerous methods are used to calculate loads from
flow records and water quality data. Two common
categories of load calculation methods are: (1) ratio
methods and (2) rating methods (e.g., Cohn, 2005;
Defew et al., 2013). Ratio methods are based on the
assumption that the ratio of the mean of the instantaneous load to the mean instantaneous flow associated with individual samples is representative of the
ratio of the long-term mean load to the mean flow
(Beale, 1962). Rating methods define an empirical
relationship between concentration and flow and use
this to generate an estimate of concentration for
every observation of flow. Allowance for various factors, such as flow magnitude and season can also be
incorporated in both these categories of methods
(Dolan et al., 1981; Preston et al., 1989; Quilb
e et al.,
2006).
Many studies have considered the uncertainty of
catchment nutrient load estimates calculated using
different methods and sampling frequencies by comparing calculated loads with a “true load” that has
been calculated from concentrations sampled at high
temporal resolution but over a relatively short period
(<1 year) (e.g., Defew et al., 2013; Johnes, 2007;
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loads estimated using different methods; (2) quantify
the precision and representativeness of nutrient loads
calculated using different sampling periods and compare these results across sample period durations,
methods, and nutrient species; and (3) assess
whether there are underlying distributional and functional relationships that influence these differences.
To achieve these goals, we used three methods to calculate loads at multiple sites using monthly concentration and continuous (daily) flow for four nutrient
species: Dissolved Reactive Phosphorus (DRP),
nitrate-nitrogen (NO3-N), Total Nitrogen (TN), and
Total Phosphorus (TP). The “true” load could not be
estimated because we were restricted to monthly concentration data at all sites; however, the data were
sufficient to address the study aims.

100 km
North Island

N

40OS

South Island

METHODS

Nutrient Concentration and Flow Data
We used data from the National Rivers Water
Quality Network (NRWQN) (Davies-Colley et al.,
2011), which comprises 77 sites located on 48 of New
Zealand’s rivers (Figure 1). The NRWQN sites
broadly represent variation in the catchments of
main-stem rivers across New Zealand and exhibit a
wide range of flow magnitude, flow variability, water
quality, and catchment character including area and
proportion of catchment occupied by pastoral land
use (Table 1), which is strongly related to nutrient
concentrations (Larned et al., 2004).
Since 1989, a range of water quality variables have
been sampled punctually at monthly intervals and
flows have been monitored at 15-min intervals
(Davies-Colley et al., 2011; Smith and McBride,
1990). In this study, we used observations of flow,
DRP, NO3-N, TN, and TP for the time period 19912010 (20 years). Samples of dissolved nutrient analyses were filtered (Whatman GF/F; Maidstone, UK) in
the laboratory before analysis (Smith and Maasdam,
1994). NO3-N + NO2-N, and DRP concentrations were
measured with a QuikChem 8000 flow-injection analyzer (Lachat Instruments, Milwaukee, Wisconsin).
NO2-N concentrations were <1% of NO3-N concentrations, and NO3 + NO2-N is referred to hereafter as
NO3-N. Concentrations of TN and TP were measured
with the flow-injection analyzer after persulfate
digestion (Smith and Maasdam, 1994).
Samples for which the concentrations were at or
below the detection limit (0.5, 1, 1, and 2 mg/m3 for
DRP, NO3-N, TN, and TP, respectively) were set to
half the detection limit. This treatment of censored
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FIGURE 1. Location of the 77 Study Sites.

values was considered acceptable because only TP
samples were ever below the detection limit and on
only 17 occasions (0.1%). We used mean daily flows
and assumed that the measured concentrations were
representative of the flow-weighted daily mean concentrations (Quilbe et al., 2006; Robertson and Roerish, 1999).
For some of the analyses that follow, it was important that there were no trends in the concentration
data. However, nutrient concentration data for the
NRWQN sites are subject to monotonic trends, both
positive and negative (Scarsbrook et al., 2003). We
therefore de-trended concentration data by regressing
the log (base 10)-transformed site concentrations
against the sample dates. When there was a statistically significant (p < 0.05) relationship between date
and concentration, we adjusted the concentrations by
adding the back-transformed residuals of the regression models to the long-term mean concentration.
The adjusted data represented a time series with no
monotonic trend and a mean equal to the original
mean.
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TABLE 1. Summary of Characteristics of Catchments, Flow Regimes, and Nutrient Concentrations at the 77 Sites.
Characteristics
CatA
Qmean
Pasture
cq
CVq
Median; DRP
Median; NO3-N
Median; TN
Median; TP
cc; DRP
cc; NO3-N
cc; TN
cc; TP

Description

Units

Catchment area
Mean daily flow
Proportion of catchment occupied by pasture land cover
Skewness of the site flow distribution
Coefficient of variation in the annual mean flow at the sites
Site median concentrations of nutrient species

2

km
m3/s
%

mg/m3

Skewness of the distribution of site concentrations of
the four nutrient species

Mean

Min

3,204
108
22
3.4
0.22
9
233
369
24
2.3
1.7
2.7
7.1

14
1
0
0.5
0.08
0.5
0.7
40
3
0.5
0.3
0.2
0.9

Max
20,504
578
86
14.8
0.43
71
1,862
2,148
120
9.5
9.5
10.3
14.8

Note: DRP, Dissolved Reactive Phosphorus; NO3-N, nitrate-nitrogen; TN, Total Nitrogen; TP, Total Phosphorus.

concentrations were observed (Dolan et al., 1981;
Quilbe et al., 2006). This average unit load is then
adjusted by the ratio of the mean flow for all days to
the mean flow on days when concentrations were
observed. The adjusted average unit load is multiplied by the number of days to determine the total
load. The adjustment of the average unit load made
by the Ratio method assumes two conditions: (1) that
there is a positive linear relationship between the
unit loads and flows, which passes through the origin
(Cochran, 1977); and (2) that the variance of load is
proportional to flow (Cochran, 1977; Preston et al.,
1989). Because flow and load are almost always correlated, this ratio is biased (Cochran, 1977). Beale
(1962) developed a correction term that adjusts for
this bias by accounting for the covariance between
the unit loads and flows. The ratio method, with
Beale’s bias correction, is given by:
0
1
covðli ;qi Þ
1

1
þ

q
K  l@
n
l
A
L¼
ð2Þ
Q
Ac q 1 þ 1  var2ðqi Þ

Load Calculation Methods
If flow and concentration observations were available for each day, the total load would be the summation of the daily flows multiplied by their
corresponding concentrations:
L¼

K XN
CQ
j¼1 j j
Ac

ð1Þ

where L: mean annual load expressed as an export
coefficient (kg/yr/ha), Ac: catchment area, ha, K: units
conversion factor (31.6 kg s/mg/year), Cj: concentration for each day in period of record (mg/m3), Qj: daily
mean flow for each day in period of record (m3/s-1),
and N: number of days in period of record.
In this summation, the individual products represent unit loads. Because concentration data are generally only available for infrequent days, unit loads
can only be calculated for these days. However, flow
is generally observed continuously and there is generally a relationship between concentration and flow or
unit load. Alternative load calculation methods
exploit these relationships to improve the accuracy of
loads estimated from infrequent concentration observations. To explore these relationships, we plotted
flow vs. concentration and unit loads for all sites and
nutrient species to visually assess the relative
strength of these relationships within our dataset.
For each site, we calculated the mean annual load
for each of the four nutrient species using three commonly used and recommended methods, which we
refer to as the Ratio method, the seven-parameter (L7)
rating method, and the five-parameter (L5) rating
method. We expressed all nutrient loads as annual
export coefficients (i.e., kg/year/ha) by dividing the
annual load (kg/year) by the catchment area (ha).

n

where qi: daily mean flow on days with concentration
samples (m3/s), li =P
ciqi is the daily loads on the sample days (kg), l ¼ ni¼1 cinqi is the mean load on
P the
days with concentration samples (kg), and q ¼ ni¼1 qni
is the mean daily flow for the entire period (m3/s).
L7 Model. Rating methods derive a relationship
between the sampled nutrient concentrations (Ci)
and flow (Qi), which is then used to estimate concentration for each day of the entire sampling period (Cohn et al., 1989). The estimated concentrations
and daily flows are combined to estimate unit loads
for each day and these are summed for the entire
period.
Two regression model approaches to defining rating
curves of (Cohn et al., 1989, 1992) and (Cohn, 2005)
are commonly used in the United States and New

Ratio Method. The Ratio method calculates the
average unit load, based on the days when
JAWRA
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Zealand (Alexander et al., 2002). The regression models relate the log of concentration to the sum of three
explanatory variables: discharge, time, and season.
The L7 model is based on seven fitted parameters
given by:

Precision of Load Estimates
The statistical precision of a sample statistic, in
this study, the mean annual load, is the amount by
which it can be expected to fluctuate from the population parameter it is estimating due to sample error.
In this study, the precision represents the repeatability of the estimated load if it was reestimated using
the same method under the same conditions. Precision is characterized by the standard deviation of the
sample statistic, commonly referred to as the standard error. We evaluated the standard error of each
load estimate by bootstrap resampling (Efron, 1981).
For each load estimate, we constructed 100 resamples
of the concentration data (of equal size to the
observed dataset), each of which was obtained by random sampling with replacement from the original
dataset. Using each of these datasets, we recalculated
the site load and estimated the precision (SE) as the
standard deviation of the 100 estimates.

h
i
 
ln Cbi ¼ b1 þ b2 lnðqi Þ  ðlnðqÞÞ
h
i2


þ b3 lnðqi Þ  ðlnðqÞÞ þ b4 ti  T

2
þ b5 ti  T þ b6 sinð2pti Þ þ b7 cosð2pti Þ
ð3Þ
where, b1,2,. . .7: regression coefficients, ti: time in deci mean value of time in decimal years,
mal years, T:
ðlnðqÞÞ: mean of the natural log of discharge on the
sampled days, and Cbi : estimated concentration at
time i.
The coefficients are estimated from the sample data
by linear regression, and when the resulting fitted
model is significant (p < 0.05), it is then used to estimate the concentration on each day in the sample period. The resulting estimates of lnð Cbi Þ are backtransformed (by exponentiation) to concentration units.
Because the models are fitted to the log transformed
concentrations, the back-transformed predictions are
corrected for retransformation bias. We used the smearing estimate (Duan, 1983) as a correction factor (S):
S¼

1 Xn ^el
e
i¼1
n

Comparing Magnitude of Loads Estimated Using
Different Methods
We calculated the loads and their standard errors
for each site, method and nutrient species combination using the full 20 years of data. The magnitudes
of these load estimates were compared by plotting the
cumulative frequency distributions of site export coefficients. Differences in loads calculated using different methods were quantified as:

ð4Þ

where, ^e are the residuals of the regression models.
The smearing estimate assumes that the residuals
are homoskedastic and therefore the correction factor is applicable over the full range of the predictions.
The total load is then calculated by combining the
flow and estimated concentration time series:
K
L¼
Ac

Cbj Qj
S
j¼1
N

XN

DLAB ¼

!
ð5Þ

L5 Model. The L5 model is the same as L7 model
except that two quadratic terms are eliminated:
 
ln Cbi ¼ b1 þ b2 ðlnðqi ÞÞ þ b3 ðti Þ þ b4 sinð2pti Þ

Explanation of Differences in Site Loads Calculated
Using Different Methods

þ b5 cosð2pti Þ
ð6Þ

We quantified the suitability of the regression
models that defined the rating curves that underlie
the L5 and L7 methods based on (1) the adjusted

The five parameters are estimated and loads are calculated in the same manner as the L7 model.
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ð7Þ

where, DLAB: percent difference in site loads calculated using methods A and B (%), LA: site export coefficient for load calculation method A (kg/year/ha), and
LB: site export coefficient for load calculation method
B (kg/year/ha).
We assessed the proportion of significantly different load estimates for the three pairs of contrasting
methods using the loads estimated from the bootstrap
samples. We considered that loads calculated using
contrasting methods were significantly different if the
95% confidence interval for the differences between
corresponding bootstrap samples did not contain zero.

If the fitted model is not significant, ð Cbj Þ is replaced
by the mean concentration and S is unity.

JOURNAL
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coefficients of determination (r2 value) and (2) an
examination of the residuals of these regression models. The adjusted-r2 only increases with additional
model terms if the increase in explained variation is
greater than can be expected by chance. The
adjusted-r2 therefore provided a comparable measure
of suitability of the L5 and L7 models. We multiplied
the residuals by their associated flow and used the
mean flow-weighted residual value (e) as a second
measure of the suitability of the rating curve. Flow
weighting recognizes that the effect of deviations
between the observations and the rating curve on the
estimated load is proportionate to the flow at which
these deviations occur (Equation 1). We standardized
e by first expressing the residuals in concentration
units by back-transformation (by exponentiation) and
then dividing both the flow and concentration values
by dividing by their respective mean values.
We hypothesized that the variation in loads calculated using different methods is associated with the
validity of the models underlying each method. We
tested this for the rating methods using Kendall’s
rank correlation between the differences in site loads
calculated using different pairs of methods (DLAB)
and e and r2. Kendall’s coefficient (s), measures the
association between two variables based on their
rank correlation: the similarity of the orderings of the
data when ranked. We were not able to define a similar quantitative measure for the Ratio method but
were able to subjectively assess the degree to which
the assumptions of the method were reasonable from
the plots of flow versus the unit loads.

FRASER

precision associated with a site, duration, and nutrient. We used the standard deviation of the 20 load
estimates to quantify how representative the individual short-term load estimates were of the characteristic mean annual load. This “representativeness”
indicates the variation in the sample statistic (i.e.,
the mean annual load) and can be regarded as the
standard error associated with differing time period
(SER). The standard deviation was calculated using
the log (base 10)-transformed loads because the distribution of the 20 loads were strongly right skewed;
the log10 loads were approximately symmetric and
normally distributed.
To enable comparison of the characteristic precision (SEP) and representativeness (SER), we
expressed both as relative 95% confidence intervals.
The relative 95% confidence interval for the characteristic precision was calculated by multiplying SEP
by the appropriate z-score (1.96) and dividing by the
load estimate. The relative 95% confidence interval
for representativeness was calculated as:
CIP ¼

LP  10½log10 ðLP Þ  1:96  SER
 100
LP

ð8Þ

where, LP: mean site export coefficient for a specific
site, nutrient, method, and sample duration (kg/year/
ha).

Between-Site Differences in Load Precision and
Representativeness
We hypothesized that differences in site precision
(SEP) and representativeness (SER) is associated with
the influence of the distributional and functional
characteristics of concentration and flow on the calculation method. To explore this hypothesis, we examined the strength of the association of SEP and SER
with five explanatory variables for each nutrient species, method, and sample period duration using Kendall’s rank correlation coefficient (s).
Two explanatory variables characterized variation
in the flow regimes across the sites: the coefficient
of variation in the annual mean flow (CVq) and the
skewness of the flow distribution (cq). CVq was computed as the ratio of the standard deviation of
annual mean flow to the mean of annual mean
flows. Skewness was characterized by Pearson’s
moment coefficient of skewness (c), a unit-less index
that characterizes the asymmetry of the distribution
(Zar, 1999). The coefficient of skewness is positive
when the right tail is longer and the center of
mass of the distribution is concentrated to the left.
The sample skewness was estimated from the flow
data as:

Variation in Load Estimates with Time Period and
Sample Duration
We simulated the effect of estimating loads using
short-term datasets by subsampling the 20-year dataset. For each site, nutrient, and method, we calculated loads using subsampled short-term periods of
the (detrended) time series having three durations (5,
10, and 15 years). For each duration, we made 20
separate time series realizations by taking periods
comprising consecutive complete calendar years that
started at the beginning of each calendar year of
record (i.e., 1991, 1992, . . . 2010). For periods that
extended beyond the last year of record (2010), we
substituted years by beginning the time series again
from 1991.
For each realization, we calculated the load and its
standard error using the three methods. For each
method, this resulted in 20 loads and associated standard error estimates for each combination of site,
duration, and nutrient. We used the mean of the 20
standard errors (SEP) to represent the characteristic
JAWRA
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Pn

 xÞ3
i2=3
Pn
2
1

ðx

x
Þ
i
i¼1
n1

c¼h

1
n

IN

i¼1 ðxi

represented relationships between flow and concentration at high flow.
The adjusted-r2 values of the regression models
underlying the L5 and L7 models varied considerably
(Table 2). The mean of the r2 values were highest for
TP and lowest for DRP (Table 2). The adjusted-r2
were only weakly correlated with the mean flowweighted residual values (Table 2).
There was considerable variation in the distributions of the concentration data (Table 1, Figure 2). In
general, the distributions of DRP and NO3-N were
less skewed than the TN distributions, and TP was
the most skewed (Table 1). The distributions were
generally right skewed (cc was positive), but were left
skewed at a few sites (Table 1).
The relationship between unit loads and flow varied between sites and nutrient species (Figure 2).
Unit loads increased with flow, but at many sites,
there was evidence that these relationships were not
linear, particularly for TP (Figure 2).

ð9Þ

where xi are individual values in a sample of n values.
The skewness of the concentration distribution (cc)
was computed from the concentration samples (Equation 9). For the L5 and L7 methods, the suitability of
the concentration-flow relationship was represented
using the adjusted-r2 of the regression models and
the mean flow-weighted residuals. Because precision
(SEP) and representativeness (SER) are measures of
variation and not difference, we used the absolute difference of mean flow-weighted residuals (|e|). All analyses were undertaken using R (R Core Team, 2016).

RESULTS
Estimated Loads
Concentration-Flow Relationships
Over the 77 sites, export coefficients calculated
from the 20-year dataset varied over one and a half
orders of magnitude for TN, two for DRP, three
orders of magnitude for NO3-N, and over four for TP
(Figure 3). Export coefficients estimated for NO3-N at
16 sites with the L5 method were larger than the
export coefficients for TN load by large margins (Figure 3). Three of the NO3-N export coefficients estimated using the L5 method exceeded 20 kg/ha/year.
The L7 method produced export coefficients for TP
that exceeded 10 kg/ha/year for five sites.

At most sites, the majority of concentration and
unit load samples were associated with low to median
flows, and high flows were poorly represented (Figure 2). The form of the relationships between concentration and flow differed between nutrient species
and between sites. In general, concentrations
increased with flow (Figure 2); but at many sites,
there was evidence that these relationships were
curvilinear in log-log space. The rate of change in
concentration with flow could plateau or decrease at
high flow, particularly for NO3-N, or could increase
at high flows, particularly for TP. The quadratic relationship between concentration and flow, which is
included in the L7 rating curve, was able to represent
these curvilinear relationships, whereas the linear
regression models poorly represented relationships
between flow and concentration at high flow at some
sites (Figure 2).
The fitted L5 and L7 models were significant for
97% of the site and variable combinations. The
insignificant models included DRP at six sites, and
TN and NO3-N at two sites each. Differences in the
validity of the concentration-flow rating curves were
reflected in the values of the flow-weighted residuals
(e). For the L5 model, the mean of these values was
negative for NO3-N, indicating that the modeled values were generally larger than the observations at
high flows, and were positive for the other variables
(Table 2). The mean of site values of the mean flowweighted residual values was generally smaller for
the L7 model, indicating that this model better
JOURNAL
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Precision
The precision of site loads estimated using the 20year dataset (SE), varied from close to zero to over
100% (Figure 4). The precision of site loads estimated
using the short-term datasets decreased (i.e., SEP
increased) with decrease in the sample period duration (Figure 4).
The lowest precision (largest SE and SEP) values
for most sites, nutrients, and sample period durations
were associated with the L5 method. The precision of
the L5 method for DRP, NO3-N, and TN had median
values of between 12% and 19% for the 5-year duration decreasing to approximately 5% for the 20-year
duration (Figure 4). The median of site values for
precision for the L7 and Ratio methods were generally similar for DRP, NO3-N, and TN being approximately 10% for the 5-year duration and decreasing to
approximately 5% for the 20-year duration (Figure 4).
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FIGURE 2. Examples of Concentration vs. Flow and Unit (daily) Loads vs. Flow for Nitrate and Total Phosphorus at Five Sites. Linear
and quadratic relationships between concentration and flow (blue and red lines respectively) are shown, which were fitted to the log-transformed flow and concentration data. Linear relationships between the unit loads and flow are shown (dashed blue lines). The rug plots on
the x and y-axis of the concentration-flow relationships indicate the distributions of the flow and concentration data with each line
representing 10% of the data.

The lowest precision was associated with TP, for
which the median site precision for the 5-year duration was 23% and 29% for the L7 and Ratio methods,
respectively, and 64% for the L5 method. The median
site precision for TP reduced to between 13% and
29% for the 20-year duration (Figure 4).
JAWRA

Differences in Load Magnitudes between Methods
The methods that produced the largest loads varied between sites (Figure 5). Differences between the
L5 and Ratio methods were generally less than 30%
and exceeded 30% for only 4 and 2 sites for DRP and
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TABLE 2. Distributions of the Adjusted-r2 and the Mean Flow-Weighted Residuals (e) of the Regression Models Underlying the L5 and L7
Methods across the 77 Sites and the Correlation of the r2 and e Values. These variables were not applicable to the Ratio method.
Adjusted-r2
Method

Mean Flow-Weighted Residuals (e)

Nutrient Species

Mean

Min

Max

Mean

Min

DRP
NO3-N
TN
TP
DRP
NO3-N
TN
TP

0.30
0.48
0.45
0.47
0.31
0.52
0.47
0.53

0.04
0.10
0.03
0.03
0.06
0.10
0.03
0.02

0.57
0.76
0.83
0.85
0.58
0.80
0.83
0.88

0.09
0.32
0.11
1.06
0.10
0.10
0.08
0.06

1.69
2.86
0.45
1.10
0.35
0.31
0.50
13.13

L5

L7

TN, respectively, and exceeded 30% at 23 and 33
sites for NO3-N and TP, respectively. For TP, the L7
method generally produced the largest loads (Figure 5). Loads estimated using L7 exceeded the loads
estimated by the L5 and Ratio methods at 71 and 53
of the 77 sites, respectively, and by more than 30% at
48 and 32 sites, respectively. For NO3-N, the L5
method generally produced the largest loads (Figure 5). Loads estimated using L5 exceeded the loads
estimated by the L7 and Ratio methods at 58 and 62
of the 77 sites, respectively, and by more than 30% at
22 and 23 sites, respectively.
The proportion of significant differences in site loads
calculated using different methods was least for TN
and DRP (Figure 6). For DRP and TN, the proportion
of significant differences in site loads were greatest for
contrasts between the L7 and L5 methods, which were
51 and 56%, respectively (Figure 6). The remaining
method contrasts produced significant differences for
fewer than 31% of sites for DRP and TN. For TP, the
L7 method produced significantly different loads to the
L5 methods at 74% of the sites. The majority of the significant differences were larger L7 loads compared to
the L5 loads (Figures 5 and 6). The remaining method
contrasts produced significant differences for fewer
than 36% of sites for TP. All method contrasts produced
significantly different NO3-N loads for at least 40% of
the sites.
The flow-weighted residuals (e) of the L5 rating
curve had strong positive relationships with the differences between Ratio and L5 and L7 and L5 for all
nutrient species (Table 3). This indicates that when
the model underlying the L5 rating curve had a poor
fit to the high-flow observations, the method tended
to produce loads that were significantly different to
L7 and the Ratio method. There were fewer and
weaker relationships between the differences in the
load estimates and the mean-weighted residuals of
the L7 rating curve. This was consistent with the
observation that e values were generally lower for the
L7 model (Table 2). The adjusted-r2 values for both
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Max

Correlation of r2 and e

0.80
1.58
0.69
4.86
0.48
1.29
0.54
2.54

0.40
0.51
0.28
0.25
0.26
0.34
0.21
0.18

the L5 and L7 models were only weakly associated
with the differences in loads calculated with the
Ratio and L5 methods and the L5 and L7 methods
for all nutrient species (Table 3).

Representativeness of Load Estimates
The short-term load estimates (i.e., estimated
using 5, 10, and 15 year subsamples) were variable
and standard deviations of the 20 load estimates (i.e.,
SER) varied considerably across the 77 sites (Figure 7). For example, site values of SER for TP for the
10-year duration and the L5 and L7 methods ranged
from 0.01 to 1.8 log10 kg/ha/year (1-63 kg/ha/year)
and 0.01 to 0.3 log10 kg/ha/year (1-2 kg/ha/year),
respectively (Figure 7).
There were patterns in SER associated with durations, nutrient species, and calculation methods (Figure 7). Site values of SER were larger for shorter
durations, and were generally least for the Ratio
method and largest for the L5 method (Figure 7). The
SER values were generally larger for TP compared to
values for the other nutrient species calculated for
the same duration and method.
For any sample period duration, the 95% confidence interval associated with representativeness
was generally wider than the 95% confidence for precision (Figure 8, Table 4). For example, the characteristic precision (SEP) for a DRP load calculated
using the Ratio method for a 5-year period, and for
the site with the median 95% confidence interval
width, was plus or minus 21% (Table 4). By contrast,
the 95% confidence intervals for the equivalent representativeness (SER) lay in the range 29%-41%. In
addition, for DRP based on a 5-year sampling period
and the Ratio method, 92% of sites had representativeness estimates that were larger than the characteristic precision (Table 4).
The proportion of sites having 95% confidence
interval for representativeness that exceeded the
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FIGURE 3. The Cumulative Frequency Distributions of the Estimated Site Loads, Expressed as Export Coefficients, for the 77 Sites
Estimated from the 20-Year Dataset Using Three Load Calculation Methods. TN, Total Nitrogen; TP, Total Phosphorus; DRP, Dissolved
Reactive Phosphorus; NO3–N, nitrate-nitrogen.

representativeness estimates that exceeded precision
was higher than for the Ratio method for all sample period durations (Table 4). At some sites, 95%
confidence interval for representativeness were
much larger than the precision estimates, particularly for TP and for the L5 and L7 methods (Figure 8, Table 4).

95% confidence interval for precision decreased
with increasing sample period duration for all
nutrient species for the Ratio method (Table 4).
There was also a pattern of decreasing proportion
of sites with representativeness exceeding precision
with increasing sample period duration for the
L5 and L7 methods, but the proportion of
JAWRA
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FIGURE 4. Distributions of the Standard Errors for the 77 Sites as Proportions of the Estimated Load (%) for Each Method and Nutrient
Species. The box plots show the distributions of SE for the full 20-year dataset and the characteristic precision (SEP; the mean of SE calculated for each of the 20 load estimates) for each of the three shorter sample period durations 5, 10, and 15 years. The box indicates the interquartile range, the whiskers extend to the most extreme data point which is no more than 1.5 times the interquartile range from the box.
Outliers are indicated by open circles.

included a correlation of 0.53 between cq and CVq
indicating that the skewness of the flow distribution
was associated with inter annual flow variability and
some correlations of around 0.5 between skewness of
the concentration distribution (cc) and the absolute

Variation in Precision and Representativeness
between Sites
Correlation between the five explanatory variables
was generally low (s < 0.4). Exceptions to this
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FIGURE 5. Cumulative Frequency Distributions of the Differences in Site Export Coefficients (%) at Each of the 77 Sites Calculated Using
the Three Load Estimation Methods.

value of the mean flow-weighted residuals (|e|). The
strength of the concentration-flow relationship (adjusted-r2) was weakly correlated with the other
explanatory variables (s < 0.2). The skewness of the
concentration and flow distributions (cq and cq) were
only weakly correlated for all nutrients (s < 0.1).
The strength of the relationships between SEP and
SER and the explanatory variables varied by nutrient
JAWRA

species and by method (Table 5). The relationships of
both SEP and SER with cc, cq, and CVq were consistently significant and positive (i.e., precision and representativeness decreased with increasing values of
these explanatory variables).
Relationships of both SEP and SER with adjustedr2 were always weak and were often not significant.
When significant, relationships of SEP and SER with
12
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FIGURE 6. Proportion of Significant Differences for Loads Calculated Using Different Methods for the 77 Sites. The calculation methods
that define the contrasts are shown in the x-axis labels.

r2 were positive. This indicates that precision and
representativeness decreased with increasing r2. By
contrast, relationships of SEP and SER with the absolute value of the mean flow-weighted residuals (|e|)
were generally positive, indicating that for this measure, precision and representativeness increased with
increasing model suitability.
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DISCUSSION

This study examined differences in catchment
nutrient loads calculated using three methods from
monthly concentration data and daily flows at multiple sites. We were not able to assess the bias of our
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Adjusted-r2

Nutrient
Species

Method
Contrast

L5

L7

L5

L7

DRP

L7_L5
Ratio_L5
L7_Ratio
L7_L5
Ratio_L5
L7_Ratio
L7_L5
Ratio_L5
L7_Ratio
L7_L5
Ratio_L5
L7_Ratio

0.59*
0.55*
na
0.7*
0.62*
na
0.63*
0.62*
na
0.59*
0.71*
na

0.12
na
0.09
0.15
na
0.05
0.08
na
0.31*
0.11
na
0.00

0.28*
0.36*
na
0.37*
0.42*
na
0.14
0.29
na
0.17*
0.09
na

0.26*
na
0.16*
0.48*
na
0.30*
0.11
na
0.13
0.30*
na
0.20*

NO3-N

TN

TP

load estimates because we could not estimate the
“true” load. However, the large number of sites and
multiple nutrient species enabled us to examine several aspects of load calculation that have been rarely
considered including: differences in loads estimated
using alternate methods; the precision and representativeness of load estimates; and the underlying distributional and functional relationships that
influence differences in load magnitudes associated
with alternate methods, and their precision and representativeness.

Differences between Methods
In our study, differences in the magnitude of loads
calculated using alternate methods were generally
less than 30%, particularly for DRP and TN (Figure 5). For these species, differences between loads
calculated using alternate methods were not statistically significant at many sites (Figure 6). The magnitude and proportion of significant differences in site
loads estimated using alternate methods were greatest for NO3-N and TP.
The reasons for differences in the magnitudes of
loads estimated using different methods can be
broadly understood in terms of the way the methods
represent the functional relationship between flow
and both concentration and unit loads and the characteristics of these relationships at the site. Relationships between flow and concentration can be
curvilinear in log-log space and this was particularly
the case for NO3-N and TP (Figure 2). For NO3-N,
JAWRA

FRASER

the rate of change in concentrations with flow could
plateau or decrease at high flows at many sites. This
is associated with initial increases in concentration in
response to increased flow and subsequent dilution at
high flows, which is consistent with the likely
groundwater sources of NO3-N (Woodward et al.,
2013). The quadratic term included in the L7 method
is able to fit a rating curve that represents this curvilinear relationship, whereas the L5 method is unable
to represent the reduction in concentration at high
flows (Figure 2). This results in the tendency for L5
to predict higher site NO3-N loads than the L7 or
Ratio method (Figures 5 and 6). This tendency
increased, the more the L5 rating curve failed to represent the observed values at high flows (i.e., the larger the e value; Table 3). We consider that at least
some of the NO3-N load estimates made using the L5
methods are unrealistically high as they exceeded the
corresponding TN loads by large margins (Figure 3).
In addition, five of the NO3-N export coefficients calculated using the L5 method exceeded 20 kg/ha/year.
These export coefficients are consistent with loss
rates under intensive pastoral farming and are
unlikely to be exceeded in large catchments with
mixed land cover and where some attenuation of
nitrogen is likely (McDowell and Wilcock, 2008).
By contrast to NO3-N, there was a tendency for
rate of change in TP concentrations to increase with
flow (Figure 2). The inclusion of the quadratic term
in the L7 method means that it is able to represent
the curvilinear relationship between TP concentrations and flow in log-log space. The regression underlying the L5 rating curve cannot represent this
curvilinear relationship (Figure 2). Because there
were few observations at high flows, there was a tendency for the TP rating curves fitted with the L5
models to predict concentrations at high flows that
were markedly lower than the observations (large e
values for TP at the majority of sites, Table 2). This
meant that the L5 model produced load estimates
that tend to be less than the L7 model (Figures 5 and
6) and this tendency increased the more the L5 rating curve failed to represent the observed values at
high flows (i.e., the larger the e value, Table 3). It is
therefore reasonable to assume that the L5 method
frequently underestimated estimates of the TP loads.
The TP export coefficients produced by the L7
method tended to be significantly larger than those
produced by the Ratio method. Contrary to the rating
methods, we did not develop a method for quantifying
the degree to which the Ratio model assumptions
were violated (or the lack of fit of the Ratio model to
the observations). However, inspection of the plots of
unit loads vs. flow indicated that these relationships
were frequently nonlinear (Figure 2), indicating that
the first assumption of the Ratio method was

TABLE 3. Kendall’s Rank Correlation Coefficient (s), Measuring
the Association between the Differences in Load Magnitudes Calculated Using Different Methods and the Flow Weighted Residuals
(e) and the Adjusted-r2 Values for the Regression Models That
Define the Rating Curves for the L5 and L7 Models. The asterisks
indicate s statistics that were significant at the 5% level, na indicates that the explanatory variable (e and r2) were not applicable
to the method contrast.
Flow-Weighted
Residuals (e)

AND
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FIGURE 7. Distributions of the Standard Deviations of the Short-Term Load Estimates (SER, log10 kg/ha/year) for Each Method and
Nutrient Species for the 77 Sites by Sample Period Duration (x-axis). The box indicates the inter-quartile range, the dot within the
box indicates the median and 95% of the data lies within the whiskers. Outliers are indicated by open circles.

were extremely high (e.g., three were greater than
10 kg/ha/year; Figure 3) and probably unrealistic.
The L7 model can introduce curvature that may
result in very extreme estimates near or beyond the
limits of the sampled values of flow or time in the
dataset (Hirsch, 2014). This is particularly likely
when the observations are sparse or absent at high
flows, as was the case with our data.

violated. It is therefore reasonable to assume that the
TP loads estimated using the Ratio method was frequently biased.
These findings suggest that the L7 method is generally more appropriate, particularly when the relationships between flow and concentration in log-log
space are curvilinear. However, some of the export
coefficients estimated using the L7 method for TP
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FIGURE 8. Relative 95% Confidence Intervals for Precision and Representativeness (Equation 8) of Load Estimates for Each Method and
Nutrient Species for the 5-Year Time Period Nutrient. The upper and lower confidence intervals for characteristic precision (CIP) and representativeness (CIR) are indicated as pairs of points for each of the 77 sites (y-axis). The sites have been ordered by their respective cc values.
The x-axis has been truncated and some upper confidence intervals exceeded 1000%.

Precision

distribution of the concentration data is strongly
skewed (Table 5) because the tail of the concentration
distribution is poorly characterized. If there is a
strong positive relationship between concentration
and flow, the poorly characterized individual highflow samples strongly influence the load estimate
(Table 5).

Imprecision of load estimates occurs because
monthly river concentration data are subject to considerable sampling error. Sampling error increases
with reducing sample size; therefore reducing sample
period duration. Imprecision also increases when the
JAWRA
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TABLE 4. Summary of the Characteristic Precision (P) and Representativeness (R) Measures for the Site Export Coefficient Estimates Calculated for Different Methods, Sampling Period Durations, and Nutrient Species. The P and R values are the 95% confidence interval for precision (calculated from SEP) and representativeness (calculated from SER: Equation 8) having median width (over the 77 sites). The third
column for each method shows the proportion of sites for which the width of the 95% confidence interval for representativeness exceeded the
95% confidence interval for precision.
Ratio
Nutrient
Species

Sampling Period
Duration

DRP

21;
16;
13;
20;
15;
12;
19;
15;
13;
58;
56;
50;

5
10
15
5
10
15
5
10
15
5
10
15

NO3-N

TN

TP

P (%)
21
16
13
20
15
12
19
15
13
58
56
50

R (%)
29;
19;
11;
24;
15;
9;
24;
14;
9;
59;
41;
28;

41
23
12
32
18
10
32
17
10
147
69
40

L5
R > P (%)

P (%)
38;
22;
15;
31;
18;
13;
23;
16;
12;
126;
80;
60;

92
73
36
83
58
29
90
64
23
97
57
18

38
22
15
31
18
13
23
16
12
126
80
60

L7

R (%)
36;
23;
13;
33;
17;
11;
29;
15;
9;
74;
49;
34;

R > P (%)

55
29
15
50
21
12
40
17
10
287
98
52

81
62
36
79
64
39
79
61
27
83
61
38

P (%)
21;
15;
12;
23;
18;
15;
15;
11;
9;
43;
35;
28;

21
15
12
23
18
15
15
11
9
43
35
28

R (%)
30;
18;
12;
31;
19;
11;
22;
13;
7;
50;
32;
21;

R > P (%)

43
22
13
44
23
13
29
15
8
98
47
26

94
79
43
69
61
35
92
71
43
94
71
39

TABLE 5. Kendall’s Rank Correlation Coefficient (s), Measuring the Association of the SEP (first value) and SER (in parentheses) with Five
Explanatory Variables for the Four Nutrient Species and Three Load Calculation Method Combinations for the 10-Year Sample Period Duration. Results were very similar for the 5 and 15-year sample period durations. The asterisks indicate s statistics that were significant at the
5% level, na indicates that the explanatory variable was not applicable to the method.
Nutrient Species
DRP

NO3-N

TN

TP

Method

Adjusted-r2

cc

cq

CVq

|e|

Ratio
L5
L7
Ratio
L5
L7
Ratio
L5
L7
Ratio
L5
L7

na
0.07 (0.01)
0.04 (0.04)
na
0.12 (0.1)
0.27* (0.17*)
na
0.06 (0.05)
0.09 (0.1)
na
0.25* (0.2*)
0.33* (0.34*)

0.51* (0.36*)
0.4* (0.32*)
0.42* (0.31*)
0.54* (0.43*)
0.34* (0.34*)
0.22* (0.28*)
0.5* (0.53*)
0.45* (0.44*)
0.46* (0.38*)
0.53* (0.5*)
0.41* (0.37*)
0.45* (0.43*)

0.22* (0.2*)
0.25* (0.25*)
0.23* (0.22*)
0.23* (0.23*)
0.3* (0.24*)
0.33* (0.33*)
0.22* (0.21*)
0.32* (0.33*)
0.26* (0.31*)
0.21* (0.17*)
0.32* (0.31*)
0.21* (0.2*)

0.3* (0.33*)
0.29* (0.3*)
0.35* (0.32*)
0.28* (0.28*)
0.31* (0.27*)
0.32* (0.42*)
0.17* (0.2*)
0.25* (0.33*)
0.21* (0.34*)
0.08 (0.09)
0.15* (0.16*)
0.16* (0.16*)

na
0.35* (0.31*)
0.46* (0.32*)
na
0.08 (0.01)
0.25* (0.23*)
na
0.43* (0.37*)
0.55* (0.29*)
na
0.49* (0.42*)
0.37* (0.23*)

some sites had lower precision (larger SEP values)
than those estimated using the L5 and L7 methods,
particularly for TP (Figure 4). We consider this is
likely to arise if a small number of high-flow observations are associated with high concentrations. In
these circumstances, individual samples can have a
large influence on the magnitude of the mean unit
load leading to high variance of the load estimates.
These observations induce nonlinearity in the unit
load-flow relationship (Figure 2) and therefore violate
the underlying assumptions of the Ratio method.

The rating methods tend to have lower precision
than the Ratio method because individual observations can exert large leverage on the definition of the
rating curve. In particular, infrequent high concentration observations that are associated with high
flows will strongly influence the definition of the
high-flow portion of rating. This means that individual observations have a large influence on the magnitude of individual unit loads, leading to large
variance (low precision) of the load estimates (Vieux
and Moreda, 2003).
The Ratio method is also affected by poor characterization of the tail of the concentration distribution.
Because the method is based on the mean of the unit
loads, the weight that any individual observation has
on the load estimate is reduced compared to the Rating method (Young et al., 1988). However, in our
study, loads estimated using the Ratio method at
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Representativeness of Load Estimates Made from
Short-Term Datasets
Variation in the short-term mean annual catchment load estimates (SER) was considerable,
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indicating that estimates made for specific time
periods poorly represent the characteristic mean
annual catchment load. For a given site and sampling period, SER was generally larger than the
characteristic precision (SEP; Figure 8, Table 4).
Thus, load estimates are likely to fluctuate to a
greater extent than indicated by their associated
precision estimates. This means that precision is
likely to be an “optimistic” assessment of the actual
repeatability of load estimates and detectable differences in loads are likely to be larger than indicated
by their precision.
The high variability associated with loads calculated for short time periods is probably associated
with two main factors: the representativeness of the
concentration data and temporal variation in environmental conditions. Concentration samples associated
with short time periods poorly represent the concentration distribution. Between-site variation in representativeness (SER) of load estimates was strongly
positively associated with the skewness of the concentration distribution (cc) and flow distribution (cq).
This is because, for any fixed number of random concentration observations, the sampling error will be
lower, and the functional relationships between concentration and flow more accurately characterized,
when distributions are more normal. Loads calculated for sites with strongly skewed distributions are
sensitive to individual high-flow observations, particularly when the concentration-flow relationship is
strong and this leads to high variance in the estimates. This is particularly the case for TP and reflects
its dominant transport mechanism being associated
with episodic runoff and high flows (McDowell et al.,
2014).
We note that some sites had very large SER values
for the L5 and L7 methods, particularly for TP. These
large values are associated with the leverage of individual high-flow observations and the potential for
rating methods to produce extreme load estimates
when ratings are extended beyond the limits of the
sampled data (Hirsch, 2014). It is likely that the rating curves underlying these individual load estimates
would not be considered credible, were they to be
inspected as part of a load calculation procedure.
Contaminant fluxes are also influenced by temporal variation in hydrology and the processes that
mobilize contaminants in the catchment. Hydrological studies have shown considerable interannual
variation in hydrological regimes in New Zealand
rivers (Booker, 2013; McKerchar and Henderson,
2003; Mullan, 1995). This variation is subject to
temporal correlation that is partly explained by the
~ o–Southern Oscillation (ENSO), which has a
El Nin
characteristic period length of five years (Mullan,
1995). This means that particular sampling periods
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of several years may be associated with flows that
vary significantly to another sampling period leading to differences in mean flows and flow distributions with consequent effects on load estimates.
Scarsbrook et al. (2003) also suggested that ENSO
has effects on contaminant concentrations that are
not a direct consequence of flow variation because
trends in water quality were consistent with trends
in ENSO even when concentration data were
adjusted for flow.
To test the effect of temporal variation in flows, we
also estimated the SER values for each time period
using the flow data for the entire flow record. This
simulates situations in which a short period of concentration data can be associated with flow data that
represents the long term; either longer time series or
flow estimates based on regionalization or other models (e.g., Snelder and Booker, 2013; Woods et al.,
2006). Using the entire 20 years of flow data to estimate loads resulted in small reductions in SER for all
time periods. However, the 95% confidence intervals
for representativeness exceeded precision for the
majority of sites (i.e., >50%) for most time periods
and methods. This indicates that it is sampling error,
rather than temporal variation in environmental conditions, that is the largest contributor to the low representativeness of load estimates.

Limitations
We acknowledge some limitations of our study. In
particular, our results pertain to catchments of a size
similar to those in the NRWQN (Table 1). Different
factors and sources of uncertainty are likely to influence load estimates made for catchments with different characteristics. For instance, concentration-flow
relationships are likely to vary with catchment area
due to differences in attenuation and removal processes, even when land use is taken into account
(Alexander et al., 2007).
Use of daily mean flow can bias load estimates by
ignoring flow variation within days (Robertson and
Roerish, 1999). We fitted the L5 and L7 rating curves
to data pertaining to both instantaneous and daily
flows associated with the concentration samples. Rating curves were reasonably insensitive to whether
daily or instantaneous flows were used. Differences
in adjusted-r2 values across sites and nutrient species
were also small (mean <1%, standard deviation <6%).
These results are consistent with the majority of sites
being located on large rivers for which intra-day flow
variation is small. We therefore consider that our
findings are robust, particularly given that they are
derived from comparisons made under fixed assumptions and data.
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the contaminant. This highlights the importance of
inspecting concentration-flow, unit load-flow plots,
and regression residuals. Our results also highlight
the importance of thorough examination of the data
when calculating loads and the inadvisability of “unsupervised” load estimation either by automation or
inexperienced analysts.
When using monthly data to estimate loads, highflow samples will be poorly represented and this can
lead to low precision and representativeness (Vieux
and Moreda, 2003). We suggest that this situation
can only be improved by supplementing monthly
observations with more data, particularly high-flow
observations. Our results indicate that the precision
and representativeness of all methods decrease with
increasing skewness of the concentration and flow
distributions, increasing variation in annual mean
flows and the mean flow weighted residual value
(Table 5). These results provide a means to identify
the sites and nutrient species that are likely to have
the least precise and representative load estimates
and can be used to prioritize sites for collection of
additional concentration samples.

Recommendations for Regulatory Authorities
Some authors have suggested that rating methods
should be used where the concentration-flow relationship is strong (e.g., r2 > 50%; Quilb
e et al.,
2006). Our results indicate that the strength of the
concentration-flow relationship is an insufficient criterion to judge the appropriateness of the rating
methods when using monthly data. We found that
rating curves could have high r2 values; but not adequately represent aspects of the concentration-flow
relationship that were evident in the data. In particular, we showed that large differences in loads calculated using different methods and low precision
and representativeness were weakly related to r2
but were strongly related to the flow-weighted residuals (e) (Table 3). In addition, for the rating methods, r2 was positively related to SEP and SER (i.e.,
precision and representativeness decreased with
increasing r2, Table 5), which at face value is inconsistent with the advice to use rating methods when
the relationship between flow and concentration is
strong (e.g., Defew et al., 2013; Preston et al., 1989;
Young et al., 1988). This occurred in our study
because our monthly data poorly represented the
high flows. Apparently strong relationships between
concentration and flow arose due to a “pan handle”
effect where a small number of high-flow samples
have large leverage on the concentration-flow relationship. Load estimates made from these data have
high variance due to their sensitivity to the individual high-flow samples and this results in low precision and representativeness.
Our results indicate that the L7 method or a similar (i.e., nonlinear) regression method is generally
preferable for constructing rating curves as these are
able to accommodate the frequently curvilinear relationships between concentration and flow (in log
space). However, in some circumstances, a flexible
model will produce poor load estimates and there is
no single preferred model. Weighted Regression on
Time Discharge and Season (WRTDS) (Hirsch, 2014)
provides a flexible method for fitting rating curves
that can be more robust than methods tested in this
study. In particular, WRTDS is more robust to
heteroskedastic regression residuals that can lead to
biased estimates using the L5 and L7 models (Hirsch,
2014). However, the WRTDS method requires at least
120 concentration observations and would be prone to
bias when the concentration-flow distribution is
poorly characterized (Hirsch, 2014).
We recommend that the adequacy of any method
needs to be judged by considering whether the model
underlying the load calculation method is consistent
with the available data and the expected behavior of
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CONCLUSION

Nutrient load estimates made from short sample
period durations of monthly concentration data tend
to be more variable than indicated by their estimated precision, irrespective of the load calculation
method. Thus, detectable differences in loads calculated from monthly data are generally larger than
indicated by precision estimates. In our study, differences in loads estimated using alternative methods
were frequently not statistically significant despite
relatively long sample records (i.e., 20 years). However, significant differences in loads estimated using
different methods can often be understood as a consequence of poor agreement between the data and
the model underlying one of the methods. Choice of
load calculation method should therefore be based
on careful consideration of the distributional and
functional characteristics of concentration and flow.
Differences in loads estimated using alternative
methods and the precision and representativeness of
any estimate are disproportionately affected by highflow observations, which are often limited when concentration data is based on infrequent sampling.
Thus, the choice method is not as important as considering whether the data are sufficient to estimate
loads that are fit for purpose (i.e., of sufficient precision and accuracy).
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