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Abstract. We evaluated the accuracy of six watershed models of nitrogen export in streams
(kg km? yr_l) developed for use in large watersheds and representing various empirical and
quasi-empirical approaches described in the literature. These models differ in their methods
of calibration and have varying levels of spatial resolution and process complexity, which
potentially affect the accuracy (bias and precision) of the model predictions of nitrogen export
and source contributions to export. Using stream monitoring data and detailed estimates of the
natural and cultural sources of nitrogen for 16 watersheds in the northeastern United States
(drainage sizes = 475 to 70,000 km?), we assessed the accuracy of the model predictions of
total nitrogen and nitrate-nitrogen export. The model validation included the use of an error
modeling technique to identify biases caused by model deficiencies in quantifying nitrogen
sources and biogeochemical processes affecting the transport of nitrogen in watersheds. Most
models predicted stream nitrogen export to within 50% of the measured export in a majority of
the watersheds. Prediction errors were negatively correlated with cultivated land area, indic-
ating that the watershed models tended to over predict export in less agricultural and more
forested watersheds and under predict in more agricultural basins. The magnitude of these
biases differed appreciably among the models. Those models having more detailed descrip-
tions of nitrogen sources, land and water attenuation of nitrogen, and water flow paths were
found to have considerably lower bias and higher precision in their predictions of nitrogen
export.

1. Introduction

Nitrogen inputs to terrestrial systems approximately doubled in the latter half
of the 20th century, and riverine flux to coastal waters, where nitrogen is most
limiting to primary production, increased by a similarly large factor (Vitousek
et al. 1997). These increases have caused the eutrophication of many coastal



296

and estuarine ecosystems worldwide, leading to chronic hypoxia, reductions
in species abundance, and stressed fisheries resources. Although these prob-
lems are clearly related to cultural sources (Vitousek et al. 1997; Nixon et
al. 1995), knowledge of the effects of specific nitrogen sources and water-
shed processes on riverine export is needed to better understand the likely
consequences for coastal ecosystems of anticipated increases in N inputs
related to population growth and economic development. The large increases
that are expected to occur globally in multiple sources of nitrogen by early
in the 21st century (i.e. a doubling of fertilizer and fossil-fuel N fixation;
Galloway et al. 1994) underscore the need for improved understanding
of nitrogen transport in large coastal watersheds. However, the increased
complexity of sources and controlling processes in large watersheds poten-
tially limits understanding at these scales. Nitrogen inputs to watersheds are
removed at widely varying rates in streams and reservoirs and on the land-
scape through storage, denitrification, and interbasin transfers of agricultural
products. Estimates of nitrogen removal in streams vary over two orders of
magnitude (Seitzinger & Kroeze 1998; Alexander et al. 2000). The rates
of nitrogen flux vary considerably in forested catchments (Johnson 1992),
pastoral and agricultural catchments (Johnes 1996; Beaulac & Reckhow
1982), and in larger watersheds of mixed land use (Howarth et al. 1996;
Caraco & Cole 1999; Seitzinger & Kroeze 1998). Knowledge of transport
is also limited by the focus of most watershed studies on a relatively narrow
range of environmental conditions in small watersheds.

Despite these difficulties, recent progress has been made in developing
models of the mean-annual riverine yield or export (kg ha=! yr~!) from
large watersheds. These models rely on relatively simple assumptions and
descriptors of nitrogen sources and landscape characteristics. The models
explain from 50 to 90 percent of the spatial variability in stream nitrogen
export based on reported R? statistics. Nitrogen export varies by more than
three orders of magnitude in major rivers of the world (Seitzinger & Kroeze
1998; Caraco & Cole 1999) and in individual countries such as the United
States (Alexander et al. 2001). However, R?, although frequently used as
a measure of model performance, does not reliably describe the accuracy
(bias and precision) of predictions of stream nitrogen export. R? is sensitive
to various statistical properties of the explanatory and response variables
(Montgomery & Peck 1982), making comparisons of model performance
unreliable. The models also differ in their levels of spatial resolution and
process complexity, which may affect the accuracy of model predictions
of nitrogen export, processing rates, and source contributions to streams.
Recent global (Seitzinger & Kroeze 1998; Caraco & Cole 1999) and regional
(Howarth et al. 1996) models suggest that variations in export can largely
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be explained as a function of nutrient sources despite the large variability
that occurs in nitrogen controlling processes in watersheds. By contrast,
recent statistical (Smith et al. 1997; Preston & Brakebill 1999; Alexander
et al. 2000, 2001) and export-coefficient models (Johnes 1996; Johnes &
Heathwaite 1997) indicate that knowledge of spatial variations in watershed
properties that influence nitrogen processing (e.g. surface water flow paths,
soils, climate) can significantly improve the accuracy of estimates of stream
export and source contributions over a broad range of watershed scales.

These export models rarely have been compared in systematic manner
over a range of climatic conditions, sources, and watershed sizes. Such
comparisons are needed to improve understanding of how model accuracy
varies in different environmental settings and with the complexity of model
descriptions of N sources and biogeochemical processes that affect nitrogen
transport. This analysis provides an initial comparison of the performance of
several prominent models for estimating riverine export of nitrogen. We begin
by applying each of the selected models to 16 watersheds in the northeastern
United States (see Figure 1). These watersheds have climatic conditions and
nitrogen sources that lie within the range of watershed conditions used to
calibrate the original models, and therefore, provide an appropriate collec-
tion of environmental settings for evaluating the models. The northeastern
watersheds are the focus of SCOPE (Scientific Committee On Problems of
the Environment) investigations of nitrogen cycling (e.g. see Boyer et al.
2002 and Van Breemen et al. 2002) for which detailed estimates of natural
and cultural sources are available. This study is complementary to previous
SCOPE investigations of N transport in watersheds (Howarth et al. 1996) and
the SCOPE analyses in this volume that use certain of the models. The study
also builds on previous studies that have evaluated a more limited number of
models (Seitzinger & Kroeze 1998; Caraco & Cole 1999; Stacy et al. 2001;
Alexander et al. 2001; National Research Council 2000).

The analysis is presented in eight sections. Following the introduction,
section two summarizes the range of approaches that have been used to model
nutrient export from large watersheds, noting their principle features and
assumptions. Section three presents the methods and data used to evaluate
the selected nutrient export models. We describe methods for quantifying the
accuracy (bias, variability) of the model predictions, including the use of an
error modeling technique to identify prediction biases caused by deficiencies
in the export model descriptions of nitrogen sources and processes in water-
sheds. Section four presents the results of the error analysis. A discussion
of the error analysis is given in section five. Model predictions of source
contributions to stream export are compared in section six. Section seven
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Figure 1. Location of 16 watersheds in the northeastern United States.

describes the model estimates of watershed attenuation of N, and the final
section presents the summary and conclusions.

2. Background

A variety of deterministic, statistical, and hybrid methods have been used to
model the transport of nitrogen in rivers basins. We provide a brief review of
various models that have been applied to large watersheds, frequently several
thousands of square kilometers in size or larger. We selected a subset of these
models for use in this analysis (see section 3.1).

The simplest deterministic approaches (Howarth et al. 1996; Jaworski et
al. 1992) are mass balance models that provide a static accounting of nitrogen
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inputs (e.g. fertilizer application, atmospheric deposition) and outputs (e.g.
river export, crop N fixation and removal). Where major sources or sinks
are difficult to measure independently (e.g. groundwater storage, denitrifica-
tion), estimates are often obtained as a difference of measured terms. Recent
refinements (Jordan & Weller 1996) have been made in budget methods to
account for watershed imports and exports of nitrogen in food and feed. Addi-
tional sources and sinks have been quantified for the northeastern watersheds
by several studies reported in this volume (e.g. Van Breemen et al. 2002;
Boyer et al. 2002; Seitzinger et al. 2002) including N fixation and uptake
in forests and N attenuation in streams and reservoirs. Selected results from
these studies are used in this investigation. Where source inputs and sinks
cannot be spatially referenced, budget terms are assumed to be uniformly
distributed within watersheds with loss processes operating equally on all
sources. In the absence of source-specific flux rates, estimates of the relative
contributions of sources to surface waters must also be assumed to be propor-
tional to the nitrogen inputs to watersheds. In extending these methods to
large watersheds, uncertainties may exist over the rates of N supply and loss,
which are based on the extension of literature estimates from experimental
studies.

More complex deterministic models of nitrogen flux (e.g. HSPF, Bick-
nell et al. 1997; SWAT, Srinivasan et al. 1993; INCA, Whitehead et al.
1998; AGNPS, Young et al. 1995) describe transport and loss processes in
detail by simulating nitrogen availability, transport, and attenuation processes
according to mechanistic functions that include descriptions of the spatial and
temporal variations in sources and sinks in watersheds. Simulation models
of landscape processing of nitrogen, such as the biochemical dynamics
of nitrogen in soils (e.g. CENTURY, Parton et al. 1988), have also been
developed. The complexity of deterministic models often creates intensive
data and calibration requirements, which generally limits their application
in large watersheds; these models have been more commonly applied in
small catchments. One deterministic surface-water nutrient model (SWAT,
Srinivasan et al. 1993) has been recently applied in the watersheds of major
regions of the United States (see Alexander et al. 2001), although this agri-
cultural model does not account for all sources of nitrogen (e.g. atmosphere).
In general, there are uncertainties involved in aggregating the components
of fine-scale deterministic models in watershed applications (Rastetter et al.
1992) and in extrapolating the results of catchment models and field-scale
measurements to larger spatial scales. Deterministic methods also often lack
robust measures of uncertainty in model coefficients and predictions, which
might otherwise be used to assess their accuracy in modeling N transport.
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One common approach to estimating stream export (e.g. Delwiche &
Haith 1983; Fisher & Oppenheimer 1991) has been to apply the reported
yields (mass of N per unit drainage area) from small, homogeneous water-
sheds to the variety of land types contained within larger heterogeneous
basins (‘export coefficient’ method). Because the nitrogen yields for given
land types are highly variable (Beaulac & Reckhow 1982; Frink 1991;
Johnson 1992; Johnes 1996), reflecting variations in climatic conditions,
nutrient sources, and terrestrial and aquatic loss processes, these methods can
produce imprecise and potentially biased estimates of export when extrapol-
ated to other areas and larger scales (Beaulac & Reckhow 1982). Refinement
of the export coefficient method in the United Kingdom has produced more
robust models capable of accurately simulating the nutrient export response
to temporal changes in nutrient source inputs and land and waste manage-
ment practices at the watershed and regional scales (Johnes 1996; Johnes
et al. 1996; Johnes & Heathwaite 1997). The model calculates the total N
and P load delivered to a waterbody separately by source type as a function
of the rates of nutrient input and the export potential of a watershed. The
export potential is estimated according to the location of sources in water-
sheds and the landscape and climatic conditions. The export coefficients are
expressed as a percentage of nutrient inputs (rather than mass per unit area
as in conventional export methods), allowing the simulation of the effect of
historical land-use changes and management in watersheds. One limitation of
this model is that detailed information is required on the export potential of
landscapes and the types and location of nutrient sources. Nevertheless, in the
U K., where source and monitoring information are available from the 1860s
to date, the model has been extensively validated and applied nationally to all
watersheds in England and Wales. The model accurately allows the scaling
up of plot-scale experimental measurements to the watershed and regional
scales, explaining up to 98% of the spatial variations in stream export.

Other watershed models have been developed that represent a mixture of
deterministic and export-coefficient approaches. A recent model of water-
shed export combined the deterministic budget approach with literature-based
export coefficients for different land types and source inputs (Castro et al.
2001). This model produced mixed results in applications to the drainages of
34 major estuaries of the United States (Castro et al. 2001; Stacy et al. 2001)
with the method tending to overestimate the riverine export from agricultural
watersheds. Other types of models described as ‘loading functions’ (GWLF;
Haith & Shoemaker 1987) represent a compromise between the export coeffi-
cient method and the complexity offered by simulation models. These models
have mechanistic water and sediment transport components (Howarth et al.
1991) with nutrient dynamics often described by simple empirical relations
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(Haith & Shoemaker 1987). Model parameters may be obtained from the
literature or statistically estimated if sufficient data are available. Applications
have been made to eastern U.S. watersheds as large as several thousands of
square kilometers (e.g. Lee et al. 2000; Howarth et al. 1991).

Statistical approaches to modeling nitrogen flux in coastal basins have
their origins in simple correlations of stream nitrogen measurements with
watershed sources and landscape properties. These methods assume limited
a priori knowledge of biogeochemical processes, but provide empirical esti-
mates of the aggregate supply and loss of nitrogen through the use of
conventional stream monitoring data, which are often readily available in
large watersheds with mixed land use. Anthropogenic N sources constitute
the principle predictor variables in these models. Some of the models (e.g.
Howarth et al. 1996) make use of literature rates of N processing (crop N
fixation, N removal in crops) to estimate agricultural source inputs. Recent
examples include regressions of nitrogen export from large watersheds on
population density (Peierls et al. 1991), net anthropogenic sources (Howarth
et al. 1996), atmospheric deposition (Jaworski et al. 1997; Howarth et al.
1996), and measures of per capita energy consumption by humans (Meybeck
1982). These models explain up to 80 percent or more of the spatial variations
in nitrogen export. In contrast to complex deterministic models, these statist-
ical methods have the advantage of being readily applied in large watersheds.
Moreover, statistical approaches are capable of quantifying errors in model
parameters and predictions. These simple correlative models are limited,
however, in that they consider sources and sinks to be homogeneously distrib-
uted in space, do not separate terrestrial from in-stream loss processes, and
rarely account for nonlinear interactions between sources and loss processes.

A recently developed hybrid approach (SPARROW; SPAtially Refer-
enced Regression On Watershed attributes; Smith et al. 1997) expands on
conventional regression methods by using a mechanistic model structure in
correlating measured nitrogen flux in streams with spatial data on nitrogen
sources, landscape characteristics (e.g. soil permeability, temperature), and
stream properties (e.g. streamflow, water time of travel). The model, which
separately estimates the quantities of nitrogen delivered to streams and the
outlets of watersheds from point and diffuse sources, has been applied nation-
ally in the United States (Smith et al. 1997) with separate studies of nitrogen
flux in the Chesapeake Bay watershed (Preston & Brakebill 1999), the Missis-
sippi River and its tributaries (Alexander et al. 2000), the watersheds of
major U.S. estuaries (Alexander et al. 2001), and watersheds of New Zealand
(McBride et al. 2000). By spatially referencing nitrogen sources and water-
shed attributes to surface water flow paths, defined according to a digital
drainage network, and imposing a mass-balance constraints, the model has
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been shown to improve the accuracy of predictions of stream export and
the interpretability of model coefficients (Smith et al. 1997; Alexander et al.
2000, 2001). Model estimates of in-stream nitrogen loss and stream nutrient
export from watersheds of various land-use types are generally consistent
with literature rates (Alexander et al. 2000). By comparison to the simple
correlative approaches, this method requires more spatially detailed data on
watershed characteristics, such as river drainage attributes (e.g. surface-water
flow paths) and point and diffuse nitrogen sources.

Quasi-empirical models (Seitzinger & Kroeze 1998; Caraco & Cole 1999)
of nitrate-nitrogen export from the largest rivers of the world were recently
developed using empirical regression methods and literature-based rate coef-
ficients. These models were developed for estimating N budgets at the
continental scale and evaluating the effects of cultural sources on N export
in some of the largest river basins of the world. These models indicate that
the large variations in nitrate export among rivers worldwide can be largely
explained by several major nitrogen sources and relatively simple descriptors
of nitrogen removal on the landscape and in rivers. Nitrate export is modeled
as a function of point sources (i.e. urban population and an assumed per capita
discharge rate of 1.85 kg-N year™!), the diffuse inputs of fertilizer and atmo-
spheric deposition, statistically calibrated runoff (discharge per unit drainage
area) coefficients, and a literature-based in-stream loss coefficient of 30%.
Model predictions of export were highly correlated (r-squared > 80%) with
measured export for 35 of the largest rivers of the world. Some of the principle
outliers in the models were associated with watersheds containing reservoirs
(Caraco & Cole 1999), which were not explicitly included in the models.
The stronger correlations of nitrate with population density than observed
for total dissolved nitrogen has been suggested as an indication that nitrate
measurements more readily display the effects of anthropogenic activities on
river export in these rivers (Caraco & Cole 1999). However, the accuracy of
these global models is not well known for smaller watersheds and for rivers
with higher ammonium and organic nitrogen loads.

3. Methods

3.1. Export models

We compared the performance of six empirical and quasi-empirical nitrogen
watershed models (see Table 1) in 16 watersheds of the northeastern United
States (see Figure 1). Watershed models classified as strictly deterministic
(e.g. SWAT, HSPF) were not evaluated in this analysis (see comparisons
in Alexander et al. 2001). Table 1 presents details of the model equations,
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the types of data required by each model, and characteristics of the calib-
ration data. The data used in applying the SPARROW model are given in
Alexander et al. (2000, 2001). Two of the models (SPARROW, HOWARTH)
predict mean-annual total nitrogen export in streams. The remaining models
predict mean-annual nitrate-N export; method performance is only evalu-
ated for nitrate-N for these models. Two previously unpublished statistical
models were estimated by applying ordinary least squares (LS) to data
from the largest rivers of the world separately for 29 rivers (LS1-GLOBAL;
Seitzinger & Kroeze 1998) and for 35 rivers (LS2-GLOBAL; Caraco & Cole
1999). These models offer several potential advantages. First, rather than
assuming that the diffuse sources (i.e. fertilizer and atmospheric deposition)
are supplied and transported at identical rates as in the quasi-empirical global
models based on these data (Seitzinger & Kroeze 1998; Caraco & Cole
1999), the statistical models estimate separate rate coefficients for the diffuse
sources, allowing any differences in the rates of supply and processing to
be empirically determined. Second, the models allow the uncertainty of the
model coefficients to be empirically determined and used to evaluate model
fit. Finally, an intercept term can be evaluated in the models to determine
whether any of the remaining variability in nitrogen export is potentially
explained by a constant source. This source may potentially represent natural
or background sources of nitrogen that are unexplained by the major cultural
nitrogen sources explicitly specified by the models. Results for these two
statistical models are described in section 4.1.

3.2. Watershed characteristics

Selected characteristics for the northeastern watersheds are presented in
Table 2, including estimates of total nitrogen and nitrate-N stream export,
drainage area, runoff (discharge per unit of drainage area), and land use. The
data are compiled for selected years during the 1988 to 1993 time period
(see Boyer et al. 2002, for details). A mixture of land use is represented in
the drainages, but the watersheds are predominantly forested (range of 48 to
87%), with small to moderate amounts of cultivated land area (range from 2 to
40%). Developed land ranges from less than one percent to about 20% of the
basin drainage area, but is commonly less than about 3%. Wetlands typically
cover less than about 3% of the basin area. Population density ranges over
nearly two orders of magnitude (Boyer et al. 2002). The drainage areas of
the watersheds span more than two orders of magnitude from 475 to 70,000
km?. Stream nitrogen export and runoff of the watersheds typically span about
a factor of two to five. Nitrate nitrogen generally represents less than half
of the total nitrogen in streams in most of the watersheds (median = 43%;
interquartile range = 30 to 53%) although nitrate is the predominant fraction
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in many of the more developed watersheds. The lowest nitrate contributions
to total stream N export are found in the northern watersheds, where nitrate
represents less than a third of total export. In the largest rivers of the world
(Caraco & Cole 1999), the proportions of organic N and nitrate have been
found to be roughly equivalent. Inputs of nitrogen sources, including fertil-
izer, atmospheric deposition (NOy, the total wet and dry oxidized components
of deposition — NO3;, HNOs3), and net anthropogenic sources, typically vary
over a factor of two to three based on the interquartile range of the distribu-
tion, with the most extreme inputs of fertilizer and net anthropogenic nitrogen
differing by a factor of about 10 (Boyer et al. 2002). NOy-N is estimated to
be about 65% of the total deposition in many of these watersheds (Boyer et
al. 2002).

The cultural sources and climatic conditions of the northeastern water-
sheds lie within the range of conditions used to calibrate the original stream
export models, and thus, the watersheds provide an appropriate set of loca-
tions for evaluating the models. Figure 2 compares conditions in the north-
eastern watersheds (i.e. NE US) with those in the calibration watersheds for
selected explanatory variables of the models (i.e. runoff, population density,
fertilizer use) and for stream nitrogen export (total nitrogen, nitrate-nitrogen).
The range of the original data used to calibrate the various stream export
models is inclusive of the full range of characteristics of the northeastern
watersheds. Appreciable similarities exist in the watersheds given the consid-
erable overlap in the interquartile ranges of many of the basin conditions
(Figure 2). The drainage sizes of the northeastern watersheds are generally
at the lower end of the range of watershed sizes used in the calibrations of
most of the stream export models. Models that were applied to the largest
rivers of the world (Peierls et al. 1991; Seitzinger & Kroeze 1998; Caraco &
Cole 1999) used watersheds frequently larger than 0.2 million km?; however,
the calibration data include smaller river basins, such as the Susquehanna,
Delaware, and Hudson, which are included in the set of 16 northeastern
watersheds. The SPARROW model calibration used 374 U.S. watersheds
ranging in size from about 10 to 2.9 million km? with an interquartile range of
about 3,000 to 37,000 km? (approximately 10% of the watersheds are located
in the northeastern United States, and include nine of the 16 northeastern
watersheds). The HOWARTH model was calibrated for nine large regional
watersheds in northern Europe and the eastern half of the United States and
Canada, ranging in size from 0.3 to 3.2 million km?.

3.3. Error analysis

We evaluated the performance of the models through an analysis of the
errors in the predictions of stream nitrogen export. Prediction errors (E; ;)
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Figure 2. Box and whisker plots of the characteristics of the northeastern U.S. watersheds (NE
US) in comparison to those of watersheds used to calibrate the original stream nitrogen export
models: (a) runoff (discharge per unit drainage area), (b) population density, (c) fertilizer
use, and (d) nitrogen export. Each box graphs the quartiles with the lower and upper edges
representing the 25th and 75th percentiles, respectively. The midline plots the median. The
upper and lower whiskers are drawn to the minimum and maximum values. The vertical lines
in (b) give the range of the data. The models GLOBAL! (Caraco & Cole 1999) and GLOBAL?
(Seitzinger & Kroeze 1998) were developed from data for the largest rivers of the world. The
models are described in Table 1. Minimum values of zero are shown as 0.1 in (b) for the two
global models and as 1.0 in (c) for the SPARROW and GLOBALZ models.
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are computed for the ith watershed and kth model as the difference between
the predicted (P; ;) and ‘measured’ (M, ;) stream nitrogen export, expressed
as a percentage of the measured export, according to

B = | D= Mk 00 (1)
ik — Mi,k

Errors with a positive sign indicate an over prediction of the measured export,
whereas a negative sign indicates an under prediction of the measured stream
export. The measured stream nitrogen export is based on the use of a rating
curve technique (see Boyer et al. 2002; Cohn et al. 1989) to estimate the
mean-annual nitrogen export for the period 1988 to 1993. The technique
correlates instantaneous measurements of nitrogen flux (product of concen-
tration and stream flow) with corresponding daily values of streamflow. By
integrating the relation over the full record of daily flow, this method provides
more precise estimates of stream export than can be obtained from a simple
averaging of the instantaneous nitrogen export measurements. The standard
error of the mean- annual export estimates for the 16 sites in this study was
typically 5 to 10% of the mean. This magnitude of error is considered in
forming conclusions about the comparative accuracy of the stream export
models in Table 1.

The error analysis consists of two evaluations of the distribution of predic-
tion errors for the 16 watersheds and six export models. First, we quantified
the bias and variability of the model predictions of stream export according
to robust statistical measures. The bias for each of the models was defined as
the median of the prediction errors for the 16 watersheds from equation (1).
The symmetry of the 25th and 75th percentile values of error about zero and
the cumulative frequencies of the errors were also used as approximate indi-
cators of the presence of bias in the prediction errors. The variability of the
prediction errors was defined for each of the models as the interquartile range
(IQR; i.e. difference between the 75th and 25th percentiles) of the prediction
errors from equation (1). The model precision was defined as the reciprocal of
the interquartile range. For selected models for which the original calibration
data were available, we also quantified the bias and variability of the models
for the original calibration set of watersheds, and compared these estimates
with those observed for the 16 northeastern watersheds (see section 4.1).

Second, using multiple regression, we correlated errors in the predictions
of stream nitrogen export with watershed characteristics that are associated
with nitrogen sources and reflect terrestrial and aquatic processes affecting N
mobilization and transport. The regression relation identifies ‘factor-related’
prediction biases that indicate potential deficiencies in the model descriptions
of the supply and processing of nitrogen in the northeastern watersheds. Such
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deficiencies in model specification can be caused by watershed properties
(sources or biogeochemical processes) that are not explicitly included in
the export models or by model coefficients that poorly describe how N is
supplied, mobilized, or transported in the northeastern watersheds. Either
case is of interest and serves to highlight potential deficiencies in model
performance. We fit separate regression models to the prediction errors asso-
ciated with each of the six nitrogen export models by regressing the errors
(E; ) from equation (1) on four characteristics of the watersheds that are
measured with relatively high accuracy, according to the relation

Eix = Pox + B1xCi + BoiDi + B3k Ri + Bax BA; + €k (2)

where C; is the cultivated land area (percent of total basin area) for the ith
watershed, D; is the developed (i.e. urban) land area (percent of total basin
area), Ri is runoff (discharge per unit of drainage area; cm yr—'), BA; is
the basin drainage area (km?), Bok---»> Pay are the regression parameters,
and ¢&;; describes the regression model error, assumed to be independent
across watersheds. Cultivated and developed land area serve as indicators
for a variety of nitrogen sources (e.g. fertilizer application, N fixation, urban
washoff, and wastewater discharges) and landscape processes (e.g. N storage
in forest biomass, crop harvesting, impervious cover) associated with these
land uses. Evidence of a correlation between forestland and related processes
in the error models would be expressed as a negative correlation with the
cultivated and developed land area. Runoff and drainage basin area are
potentially related to various biogeochemical processes that influence the
mobilization and transport of nitrogen in terrestrial and aquatic environments.
These may include biochemical reactions involving denitrification that are
affected by water travel times through the subsurface and in channels. Runoff
may reflect the effects on nitrogen export of such factors as climate (i.e.
precipitation, evaporation), soil texture and moisture content, subsurface flow
paths, stream properties (e.g. channel density and morphology, water velocity
and flow), and water storage (e.g. lakes, reservoirs, groundwater). Climate-
related effects on nitrogen flux may also reflect differences in vegetation that
affect the natural supply of nitrogen to watersheds, although the land-use
factors would be expected to reflect most major N sources. Drainage basin
area provides a measure of the effects of spatial scale on nitrogen transport in
watersheds, including scale-dependent properties of the rates of water flow,
storage, and loss (e.g. length of surface and subsurface flow paths, water
velocity, evaporation).
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4. Results of the error analysis

We present the error analysis in three subsections. In section 4.1, we report
the accuracy (bias, variability) of five of the nitrogen export models based
exclusively on the original calibration data sets. Section 4.2 describes the
bias and variability of the predictions of N export based on the application of
the stream export models to the 16 northeastern watersheds and the calcula-
tion of prediction errors in equation (1). Section 4.3 gives the results of the
regression-based models of the prediction errors (equation 2) associated with
the application of each stream export model to the northeastern watersheds.

4.1. Accuracy of the original model calibrations

Table 3 gives the model parameters for the global models, LS1-GLOBAL,
LS2-GLOBAL, based on a statistical fit to the two global data sets (Table 1).
The overall fit of the models as measured by the R? values is similar
or slightly improved in comparison to that of the original global models
(Table 1). The model coefficients display weak (p = 0.13 to 0.19) to high
(p <0.03) levels of statistical significance indicating a range of uncertainty in
the coefficient estimates. Point sources and atmospheric deposition are highly
significant (p < 0.03) in the LS1-GLOBAL model, whereas fertilizer and
atmospheric deposition sources are highly significant (p < 0.02) in the LS2-
GLOBAL model. The mean coefficient values for runoff and atmospheric
deposition are similar for the two models. By contrast, coefficient values for
point sources and fertilizer differ greatly for the two models. Both models
show consistently larger coefficient values for atmospheric deposition than
for fertilizer suggesting a greater delivery of atmospheric N than fertilizer-
related sources in the watersheds. According to the models, atmospheric
inputs are delivered to watershed outlets from 1.5 (LS2-GLOBAL) to 3.5
(LS1-GLOBAL) times the rate of fertilizer-related source inputs. A previous
export model for North Atlantic watersheds (Howarth et al. 1996; Howarth
1998; NRC 2000) also found higher rates of delivery of atmospheric sources
relative to other anthropogenic sources. Insignificant intercept terms (p > 0.6)
were estimated for both models in preliminary regressions suggesting that
virtually all of the nitrogen sources are accounted for by the three sources (i.e.
point, fertilizer, and atmospheric) specified in the models. Additional sources
of nitrogen that are accounted for by an intercept term represent apparently
negligible quantities of nitrogen (e.g. <8% for the LS1-GLOBAL model). An
intercept was not included in the final models because the standard errors of
some of the source coefficients were inflated by its inclusion.

The prediction errors, based on the original calibration data sets, are
presented separately for five of the export models in Table 4. The original
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Table 3. Regression model parameters for the global data sets. The units of the
regression coefficients are: fertilizer use (dimensionless), atmospheric deposition
(dimensionless), runoff (m yr_l), and point sources (kg yr_l)

Model R? No. Model Coefficients
Sites (p — statistical significance)
Point Runoff  Fertilizer = Atmospheric
Sources Use Deposition®

LS1-GLOBAL 090 35 2.805 0.2785  0.0816 0.2969
(<001 (013  (0.17) (0.03)
LS2-GLOBAL®  0.83 29 0.3442  0.2960  0.2316 0.3762
(<0.19) (0.0) (0.02) (0.02)

4NOy total wet and dry oxidized components of atmospheric deposition (Caraco &
Cole 1999; Seitzinger & Kroeze 1998).

bModel calibrated with data from Caraco & Cole 1999.

®Model calibrated with data from Seitzinger & Kroeze 1998.

data for large rivers of the world used to calibrate the PEIRLS model were
not available. Several of the models have relatively unbiased predictions of
export, and include the HOWARTH, SPARROW, and LS2-GLOBAL models.
Median errors for these models are less than 5% and the interquartile range
of each is relatively symmetrical, typically ranging from about —30% to 40%.
Median errors in the other export models are larger by a factor of six or
more, and indicate that the models tend to over predict export at most of their
calibration sites. A tendency for over prediction is noted for the Seitzinger
and Kroeze (1998; median = 46%; IQR = —1 to 66%) and the Caraco and
Cole (1999; median = 18%; IQR = -25 to 82%) global models. Although the
LS1-GLOBAL model has a very small median error (-0.6), the interquartile
range is unbalanced (-34 to 61%) suggesting a tendency for over prediction
at many of the sites. The lowest variability in prediction errors based on the
calibration data is found for the HOWARTH (IQR = 27%), SPARROW (IQR
=65%), and GLOBAL (IQR = 66% based on the Seitzinger and Kroeze data)
models. The variability of the global model prediction errors, based on the
Caraco and Cole (1999) riverine data set of 35 sites, tends to be higher than
that of the other global models, based on the Seitzinger and Kroeze (1998)
data set.

4.2. Accuracy of the nitrogen export models — northeastern US watersheds

The errors in model predictions of stream nitrogen export are shown separ-
ately for each method in Figure 3 with summary statistics for the prediction
errors listed in Table 5. Figure 3(a) shows the cumulative frequencies of the
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Table 4. Errors in model predictions of stream nitrogen export for the original calibration
data sets. Errors are computed as the difference between the predicted and measured
values of stream nitrogen export expressed as a percentage of the measured export

Model median IQR? Prediction Errors (%)
min. 25th 75th max.
percentile  percentile

SPARROW 32 652 952 274 37.8 1210.6
HOWARTH 2.8 266 293 —6.0 20.7 66.3
GLOBALP 18.0 107.6 =773 =256 82.0 1204.8
LS1-GLOBAL -0.6 94.8 -83.6 -34.0 60.8 1960.7
GLOBALS 46.5 66.6 -83.6 -I.1 65.5 861.5
LS2-GLOBAL -33 716  -80.6 -30.3 41.3 469.6

3Interquartile range (difference between the 25th and 75th percentiles of the distribution
of errors).

bCaraco & Cole 1999; only runoff coefficients were calibrated in the original models.
CSeitzinger & Kroeze 1998; only runoff coefficients were calibrated in the original
models.

prediction errors for each model. The prediction errors for the 16 watersheds
were ranked in ascending order for each model and assigned a cumulative
frequency value according to a Cunnane plotting position quantile (Cunnane
1978). Better performing models (i.e. those with smaller prediction errors)
are associated with values of the percent error that plot closest to zero (i.e.
the horizontal line in Figure 3(a)) and display a relatively shallow slope; the
median error for a model corresponds to a cumulative frequency of 0.5. The
box and whisker plots in Figure 3(b) display summary statistics (Table 5)
for the prediction errors, including the median, interquartile range (difference
between the 25th and 75th percentiles), and minimum and maximum values.
The length of the box and the whiskers (i.e. interquartile range, and data
range) provides information about the variability of the model predictions,
whereas the location of the median and symmetry of the interquartile range
relative to zero describe the magnitude of bias in model predictions for the
watersheds.

Based on comparisons of the median and symmetry of the interquartile
range of the model errors (Figure 3(b), Table 5) and their cumulative frequen-
cies (Figure 3(a)), all of the methods show at least small amounts of bias. The
median errors are within about 15% for five of the six models. The GLOBAL,
SPARROW and LS1-GLOBAL models have the smallest median errors of
less than about 5%. Prediction errors of this magnitude are within the standard
error of the measured values of export (about 5 to 10%), and are therefore
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Figure 3. Errors in the predictions of stream nitrogen export from the application of the six
watershed models to the 16 northeastern basins: (a) cumulative frequency plots (values of
174% and 373% for the LSI-GLOBAL model plot above the scale), and (b) box and whisker
plots (the maximum of 373% for the LSI-GLOBAL model plots above the scale). Each box
graphs the quartiles with the lower and upper edges representing the 25th and 75th percentiles,
respectively. The midline plots the median. The upper and lower whiskers are drawn to the
minimum and maximum values.
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indistinguishable from zero. The LS2-GLOBAL and HOWARTH models
have median errors of —11% and —14%, respectively. The greatest symmetry
of the IQR about zero, an approximate measure of model bias, was observed
for three of the models: GLOBAL (—43% to 35%), SPARROW (-23% to
36%), and LS1-GLOBAL (-43% to 48%). The HOWARTH, PEIERLS, and
LS2-GLOBAL models all have a greater tendency to under predict stream
export (the HOWARTH and PEIERLS models under predict export in 12 of
the 16 watersheds; see Figure 3(a)). However, the HOWARTH model under
predicts by a relatively small magnitude in comparison to other models. The
large negative bias associated with the PEIERLS model predictions (median
= -27%) is indicative of the tendency of this model to under predict stream
export in the northeastern watersheds. The SPARROW model under predicts
by the smallest magnitude of all of the models as evidenced by the proximity
of the cumulative frequency curve to the zero line over the negative range of
the prediction errors (i.e. probability <0.5) in Figure 3(a). The asymmetry in
the 75th percentile (36%) as compared with the 25th percentile (—23%) indi-
cates that the SPARROW model tends to over predict export by a somewhat
larger magnitude than it under predicts export.

The smallest variability (i.e. highest precision) in the prediction errors as
indicated by the magnitude of the interquartile range (IQR; Table 5) is found
for the HOWARTH model (IQR = 26%), followed by the SPARROW (59%)
and PEIERLS (60%) models. By comparison, the variability in prediction
errors of the global models is about 30% higher than that for the SPARROW
and PEIERLS models and about twice that of the HOWARTH model. The
various global models differ only modestly in the magnitude of the variability
in the prediction errors, with IQRs ranging from 66% to 80%. The LS2-
GLOBAL model shows the smallest IQR, which is about 20% lower than
that of the LS1-GLOBAL model.

Comparisons of the prediction errors for the northeastern watersheds
(Table 5) with those for the original calibration data (Table 4) indicate that
the greatest similarities among individual models are found in the magnitude
of the variability of the prediction errors. For example, the variability (i.e.
IQR) for the HOWARTH model predictions is 26.6% (Table 4) and 25.6%
(Table 5), respectively, for the calibration and northeastern watersheds; vari-
ability in the prediction errors for the SPARROW model is 65.2% and 61.6%,
respectively. Among the various global models, those based on the Seitzinger
and Kroeze (1998) data display the most similar variability in prediction
errors (GLOBAL IQR = 63.8 and 73.8; LS2-GLOBAL IQR = 71.6 and 66.3).
Other comparisons of the model errors for the calibration and northeastern
watersheds in Tables 4 and 5 are also of note. For example, distributions of
prediction errors for the SPARROW model have a similar median (3.2% and
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Table 5. Errors in model predictions of stream nitrogen export from applications
in the northeastern watersheds. Errors are computed as the difference between the
predicted and measured values of stream nitrogen export expressed as a percentage
of the measured export (equation 1). The prediction errors are plotted in figure 3

Model median  IQR? Prediction Errors (%)
min. 25th 75th max.

percentile  percentile

SPARROW 4.1 58.6 -35.6 228 35.8 78.2
HOWARTH -14.4 25.6 427 251 0.5 71.7
PEIERLS -27.2 60.1 -753 -55.8 4.3 143.9
GLOBAL 0.1 73.8 —-64.8 428 353 147.2
LS1-GLOBAL 55 80.4 —-673 —43.0 479 373.0
LS2-GLOBAL  -11.2 66.3 =70.7 477 24.7 79.3

4nterquartile range (difference between the 25th and 75th percentiles of the
distribution of errors).

4.1%) and quartile values. The various global models generally over predict
stream export for the original calibration watersheds, whereas the GLOBAL
and LS2-GLOBAL models tend to slightly under predict stream export in the
northeastern watersheds. For the HOWARTH model, the prediction errors for
the original calibration data display a slight positive bias (median = 3%; IQR
from —6% to 21%) suggesting a tendency of the model to over predict export
for the calibration watersheds. By contrast, this model has a somewhat greater
tendency to under predict stream export in the northeastern watersheds.

4.3. Factor-related model biases — northeastern US watersheds

The results of the error analysis based on an application of the regression-
based error models in equation 2 are shown in Table 6. For each model,
we report the R?, mean square error (MSE), regression coefficients for each
of the explanatory variables, and the statistical significance (p-value) of the
coefficients. In contrast to interpretations of conventional regression models,
a high R? (also low MSE and small p values) for the error models identifies
inaccuracies (i.e. ‘factor-related’ biases) in the specification of the original
stream export models related to deficiencies in the model descriptions of
nitrogen supply and processing. The coefficients of the error models quantify
the magnitude of the change in prediction error that is expected to occur
in response to a unit change in a watershed property, and may be directly
compared among the six models. The interpretation of these coefficients in
terms of the tendency for models to over or under predict stream nitrogen
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Table 6. Results of the regression-based error models for the northeastern watersheds. The
regression coefficients indicate the change in the percent prediction error per unit change in
the land-area percentage (cultivated land or developed land), runoff (cm yr_l), or drainage
basin area (x 1073 km?). The intercept is expressed in units of percent prediction error

Model R? Mean Regression Coefficients
(p; statistical Square (p; statistical significance)
sig.) Error  Cultivated Developed Runoff Basin Intercept
(MSE) Land Land Area
SPARROW 0.36 1127.6 -2.49 0.42 -1.85 -0.29 150.9
(0.260) (0.053) (0.785) (0.220) (0.621) (0.130)
HOWARTH  0.43 8544 -1.68 —-0.066 -3.29 -0.437 206.4
(0.157) (0.120) (0.961) (0.022) (0.397) (0.026)
PEIERLS 0.72 1490.7 —4.30 6.45 -3.21 -0.22  200.5
(0.005) (0.008) (0.003) (0.075) (0.741) (0.085)
GLOBAL 0.72 1196.5 —4.84 3.89 -3.79 -0.65 280.4
(0.004) (0.002) (0.029) (0.025) (0.293) (0.013)
LS1-GLOBAL 0.79 3439.8 -7.10 13.01 -5.51 -030 3785
(0.001) (0.005) (<0.001)  (0.048) (0.770) (0.038)
LS2-GLOBAL 0.75 6959 -3.93 -2.11 -2.64 -0.858 224.1
(0.002) (0.001) (0.102) (0.038) (0.082) (0.010)

export in response to changes in watershed characteristics will depend on
the range of the prediction errors and their symmetry about zero. For models
with less overall bias (as measured by the median error), a positive coeffi-
cient indicates that the prediction errors generally become more positive and
larger in magnitude (tendency to over predict export) in response to increases
in the magnitude of the factor. However, in the case of the PEIERLS and
HOWARTH models, where the majority of the prediction errors are negative
(i.e. under prediction), a positive coefficient, for example, would indicate that
over much of the range of the explanatory factor the prediction errors become
less negative and smaller (i.e. less under prediction) in response to increases
in the watershed property. Statistical significance of the model coefficients is
based on the application of a t-test. The residuals of the error models generally
comply with the regression assumptions; they are approximately normal with
relatively constant variance.

The R? of the error models span a large range, indicating that from 36%
to 79% of the spatial variability in the prediction errors can be explained by
the four watershed properties (Table 6). The MSE varies in response to how
well the watershed characteristics explain the prediction error, but also as
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a function of the magnitude of the variability in the prediction errors (i.e.
the precision of the model predictions). The SPARROW and HOWARTH
error models have the lowest R? values (0.36 and 0.43, respectively) among
the various models with explanatory variables displaying moderate to very
weak significance (p = 0.02 to 0.96). The small MSE for the HOWARTH
model reflects the low variability (IQR) in the prediction errors. The other
models show much higher R? values (0.72-0.79) with correspondingly larger
coefficient values and higher levels of statistical significance. The signs
of the explanatory coefficients are generally consistent among most of the
models indicating that the direction of the biases are similar; however, the
magnitudes of the coefficients vary indicating differences in the importance of
these factors in potentially explaining prediction errors in the nitrogen export
models.

Cultivated land area is found to be statistically significant in all models, but
the magnitude of the effect based on the size of the coefficient value differs
appreciably among the models. Cultivated land area is inversely correlated
with the prediction errors, indicating that there is a tendency for most of the
export models to under predict stream export in watersheds that are more
highly agricultural and over predict in watersheds with less cropland and
larger amounts of forested lands. The partial residual plots (Montgomery &
Peck 1982) in Figure 4 display the relation between the prediction errors
and cultivated land area for each of the models. The slope of the lines in
Figure 4 corresponds to the slope coefficient of the cultivated land area
term in the error models reported in Table 6. These plots show variations
in prediction errors, adjusted for the variability that is explained by the other
predictor variables in the model (i.e. developed land, runoff, and basin area);
the partial error residuals (vertical axis) are also adjusted for the mean so
that the residuals are centered about zero. The plots in Figure 4 illustrate
the relative strength of these relations for the various export models. The
strength varies in proportion to the magnitude of the slope of the fitted line
relative to the variability of the partial residuals about the line. The fitted
lines also illustrate for the various models how the prediction errors change
in magnitude over the full range of cultivated land area in the watersheds. The
PEIERLS and various global models show the strongest relations between the
model prediction errors and cultivated land area as evidenced by the relatively
steep slopes of the fitted lines and their relatively high statistical significance
(Table 6). The coefficients for cultivated land in these models are typically
one and a half to five times larger than that observed for the HOWARTH
and SPARROW models, which display coefficients of —1.67% and —2.49%
error per unit change in cultivated land percentage, respectively. Thus, the
PEIERLS and global models under predict export by a much larger magnitude
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in more highly cultivated watersheds than do the other models. In less cultiv-
ated basins, the global models also over predict export by a larger magnitude
than the other models. The smaller slopes for the HOWARTH and SPARROW
error models indicate that cultivated land area or related factors potentially
explain smaller amounts of the over and under prediction of nitrogen export
by the watershed models.

Developed land area is also found to be significant in explaining prediction
errors for the PEIERLS and various global models. A positive relation is
observed suggesting that there is a tendency for the stream export models
to under predict in less developed basins (i.e. also basins with more area
in forest and cultivated land). The magnitude of the coefficient values of
the PEIERLS and LS1-GLOBAL error models is considerably larger than
observed for cultivated land area in these models (i.e. 6.5 and 13% error per
unit change in percentage land area). Developed land area is not statistically
significant in the SPARROW (p = 0.79) and HOWARTH (p = 0.96) models.

Runoff is moderately to highly significant in all of the error models except
SPARROW, which is statistically insignificant (p = 0.22). The negative corre-
lation with the prediction errors suggests that there is a tendency for the
stream export models to under predict in basins with high runoff and over
predict in basins with low runoff. The coefficients for the SPARROW, LS2-
GLOBAL, and HOWARTH error models are among the smallest (-1.85,
—2.32, and —2.48% change in prediction error per unit change in runoff — cm
yr~!, respectively). Coefficients for the PEIERLS and global models range
from -3.2 to —-5.5%.

Drainage basin size is generally insignificant or only moderately signifi-
cant in most of the error models. Four of the six models display the smallest
change in prediction error per unit change in basin size (i.e. about —0.2% to
—0.4% error per unit change in drainage area — 1000 km? — for the SPARROW,
HOWARTH, PEIERLS, and LS1-GLOBAL models). None of these coeffi-
cients are statistically significant (p > 0.30). Two of the remaining models
(GLOBAL, LS2-GLOBAL) display larger coefficients (—0.6% and —0.9%
error per unit change in runoff — cm yr~!, respectively), but have weak levels
of statistical significance (p > 0.08).

5. Discussion of the error analysis

In evaluating the accuracy of the predictions of stream nitrogen export for
the six watershed models, we presented two measures of model bias. First,
we reported the overall bias (Table 5; Figure 3). This measure is defined as
the median prediction error, and provides a measure of the typical bias in
the model predictions of nitrogen export for the entire set of northeastern



321

watersheds. The overall bias indicates whether there is evidence that the
model predictions are systematically too high or low among the 16 basins
(see Figure 3). Second, we reported the factor-related bias as quantified by
the regression-based model coefficients (equation 2) in Table 6. These coeffi-
cients describe the magnitude of the change in the prediction error that occurs
in response to unit changes in various watershed properties. Such changes
are indicative of biases in the model predictions of nitrogen export caused
by model mis-specification, including sources or delivery processes that are
not explicitly included in the models or model coefficients that inaccurately
describe the supply and transport of nitrogen. This information is useful for
assessing model performance over a range of specific environmental condi-
tions. Strong evidence of factor-related bias implies that improvements are
feasible in the accuracy of the model predictions through improved calibra-
tions or modifications of the model structure. As an additional note, a model
with relatively little overall bias can display significant factor-related biases —
a pattern that is evident for several of the models examined here. For example,
although the GLOBAL and LS1-GLOBAL models display relatively small
median prediction errors (<6%), large factor-related biases are detected that
are related to specific watershed properties.

Based on the magnitude and statistical significance of the coefficients of
the error models (Table 6), the prediction errors of the stream export models
appear to be most strongly related to land use and runoff. The land-use
factors indicate limitations in how well the stream export models account
for nitrogen sources and/or attenuation processes associated with cultivated,
developed or forested lands, which may be related to such factors as nitrogen
fixation, N uptake by vegetation, or cultural inputs of N. Prediction errors
are negatively correlated with cultivated land percentage in most of the error
models indicating that the stream export models over predict nitrogen export
in less agricultural basins and under predict in more agricultural basins.
The magnitude of the prediction errors vary widely among the models over
the range of cultivated land area in the watersheds (see Figure 4). The
HOWARTH and SPARROW models display the smallest changes in predic-
tion errors in response to changes in the cultivated land area; changes in
the prediction errors of these models are at least 50% smaller than those of
the other models. The lower cultivated land-related bias in the HOWARTH
model may reflect the value of directly accounting for food/feed imports and
exports and nitrogen fixation in crops, which are not explicitly included in the
other models. The inclusion of N in livestock wastes in the SPARROW model
accounts for feed consumption, which may help explain the model’s relatively
low cultivated land-related bias. The tendency of most of the models to over
predict nitrogen export in less agricultural basins may also reflect limitations
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in the model estimates of nitrogen supply and attenuation on forested lands.
Any effects of forestland would be expressed in the error models as a negative
correlation with the percent cultivated land area. The prediction errors are
also significantly correlated with developed land area for all models except
for the SPARROW and HOWARTH models. The positive relation between
the prediction errors and developed land area indicates a tendency of the
models to over predict stream export in more developed basins and to under
predict export in less developed basins. Less developed basins include water-
sheds that are more highly forested as well as those with cultivated lands.
The measures of cultivated and developed land area in the 16 northeastern
watersheds are uncorrelated (r = —0.06; variance inflation factors = 1), and
therefore, provide independent land-use information in the error models. The
use of additional land-use terms (e.g. forested land) in preliminary error
models led to colinearity problems (variance inflation factors >9), and thus,
were not used in the final models.

Runoff and drainage basin size are included in the error models to quantify
the potential effects on stream N export of nitrogen mobilization processes
that are independent of land use. Although runoff may reflect climate-related
effects on stream export related to the supply of nitrogen in vegetation, the
land-use terms in the error models should account for variations in many of
the cultural and natural sources of N. In addition, natural sources of nitrogen,
such as forest N fixation, are relatively minor contributors to the N budgets
of the northeastern watersheds (Boyer et al. 2002; Table 8). Runoff and
basin size are potentially related to many of the same hydrologic and time-
dependent properties that influence nitrogen attenuation on the landscape and
in streams (e.g. water velocity, flow, water time of travel); however, the two
factors are relatively uncorrelated (r = —0.27; variance inflation factor = 1)
for the northeastern watersheds, thereby providing independent explanatory
measures in the error models.

The negative relation between the prediction errors and runoff indicates
that the stream export models tend to under predict in watersheds where
runoff is high and over predict in watersheds where runoff is low. These
effects are least significant in the SPARROW model and most pronounced for
the various global models. The global model predictions of stream export for
major rivers of the world (Caraco & Cole 1999; Seitzinger & Kroeze 1998)
also show a moderately significant negative relation between the prediction
errors and runoff for the original calibration data. Runoff is sensitive to
the effects of climate, geology, soils, and stream morphology on the rates
of surface and subsurface flow. Runoff may influence the rates of nitrogen
uptake and storage, and the permanent removal of nitrogen in terrestrial and
aquatic environments by affecting water residence times and water contact
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with sites suitable for denitrification, such as anoxic soils, benthic stream
sediments, channel hyporheic and riparian zones, and wetlands (Kelly et al.
1987; Hill 1996; Sauer et al. in press; Molot & Dillon 1993). The increased
mobilization of N with runoff may explain the nearly proportional positive
relation that has been observed between stream nitrogen export and runoff in
developed (Sauer et al. in press; Behrendt 1996) and undeveloped (Lewis et
al. 1999, in press) watersheds. The negative correlation (r = —0.57) between
runoff and estimates of the total loss of nitrogen in the northeastern water-
sheds (computed as the difference between major N inputs and stream N
exports; Boyer et al. 2002) is consistent with the effects of these nitrogen
removal processes on stream nitrogen export; larger losses of nitrogen are
observed in northeastern watersheds with relatively low runoff and smaller
losses occur in watersheds with high runoff. Therefore, the negative relation
between prediction errors and runoff suggests that the under prediction of
stream export in watersheds with high runoff may be caused, in part, by the
overestimation of the rates of nitrogen attenuation in the models. Conversely,
the over prediction of stream export in watersheds with low runoff may reflect
the underestimation of the rates of nitrogen attenuation rates in the export
models.

Drainage basin size is found to be a relatively insignificant explanatory
variable in nearly all of the error models. This suggests that the predic-
tion errors are not strongly related to scale-dependent characteristics of the
watersheds as measured by drainage size. It is possible that scale-dependent
properties related to the rates of water flow and storage, such as water
travel time, may be more clearly described by runoff for the northeastern
watersheds, which may partially explain its importance in many of the error
models. In contrast to the other models, drainage basin area is moderately
significant in the LS2-GLOBAL error model, and is much larger in magnitude
than observed for the other error models. Thus, this model displays direct
evidence of a scale-dependency in the prediction errors related to basin size
with a tendency of the model to under predict stream nitrogen export in large
watersheds.

The error analysis indicates that the watershed models with more complex
descriptions of nitrogen sources and attenuation processes have appreciably
lower bias and higher precision in their predictions of nitrogen export. The
two models with the most detailed descriptions of nitrogen sources, land and
water N attenuation, and water flow paths (HOWARTH, SPARROW) show
smaller factor-related biases in the predictions of stream nitrogen export. This
is supported by both the smaller magnitude and statistical significance of the
coefficients in the associated error models. These findings suggest that model
complexity has a beneficial effect on prediction accuracy. The HOWARTH
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model gives a detailed accounting of agricultural sources, including fertilizer
use, crop N fixation, and the import and export of nitrogen in food and feeds.
The SPARROW model spatially references stream monitoring data, point and
diffuse nitrogen sources, and landscape properties to surface water flow paths
defined by a digital drainage network. Agricultural sources include fertilizers
and livestock wastes. The model explicitly quantifies the rates of nitrogen
removal on the landscape and in streams though the use of spatial referencing
and mass-balance constraints. By contrast, the PEIERLS model lacks explicit
point and diffuse source terms, and relies solely on population density as a
predictor variable. This may contribute to the strong tendency of the model
to under predict in more undeveloped (i.e. less populated) watersheds. In the
global models, agricultural nitrogen sources are quantified exclusively as a
function of fertilizer use and runoff; point-source contributions are a func-
tion of population density and urban land area. Neither the PEIERLS nor the
global models account for the location of sources and water travel times in
the watersheds.

6. Model predictions of source contributions

The predictions of source contributions to stream nitrogen export are reported
for the stream export models in Table 7 and Figure 5. The classification
of source contributions and the model assumptions and forms of nitrogen
differ considerably among the various models, which affect the compar-
isons of model estimates. Unlike the previous evaluations of stream nitrogen
export, there is no known measure of the magnitude of source contributions to
streams, and thus, the predictions of nitrogen sources can only be compared
among the models. Although the error models could be used to correct for
model biases in the estimates of source shares, this would require assumptions
about how the explanatory factors in the error models, especially developed
and cultivated land, correspond to the source variables in the stream export
models. The inverse relation between the prediction errors of most of the
models and cultivated land area as previously discussed generally implies
that the stream export models have a tendency to under predict in more
agricultural watersheds and to over predict in more forested and less agricul-
tural watersheds. This allows for the possibility that the effect of agricultural
sources may be somewhat underestimated in more agricultural basins. It is
also possible that prediction biases related to developed land area may affect
the accuracy of the point source contributions estimated by some the models.

Estimates of nitrogen inputs from major watershed sources based on
nitrogen budgets (see Boyer et al. 2002) are presented in Table 8 for compar-
ison with the model predictions of source contributions at the watershed
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SOURCE CONTRIBUTIONS TO EXPORT

Figure 5. GLOBAL, LSI-GLOBAL, and LS2-GLOBAL model predictions of source contri-
butions to stream nitrate-nitrogen export for the northeastern watersheds. Sources contribu-
tions are expressed as a percentage of the stream nitrate-nitrogen export. Each box graphs the
quartiles with the lower and upper edges representing the 25th and 75th percentiles, respec-
tively. The midline plots the median. The upper and lower whiskers are drawn to the minimum
and maximum values.

outlets. The budget estimates would accurately describe nitrogen source
contributions to stream export at the watershed outlets only if sources are
uniformly distributed in the watersheds and loss processes are assumed to
operate equally on all sources. Nevertheless, the budget estimates provide
useful information on the major inputs of N for comparison with the model
predictions. Atmospheric nitrogen typically represents from about 29% to
59% of the total inputs to the watersheds, based on the interquartile range
(Table 8). With the exception of forest N fixation, which typically is less
than 6% of the total inputs of nitrogen, much of the remaining portions of
the nitrogen inputs originate from agricultural-related sources and products
either applied directly to fields in fertilizers or consumed in food and feeds.
Nitrogen inputs from food/feed imports are typically less than about 15% of
the total inputs from major sources although N imports represent more than a
third of the total nitrogen inputs in the more populated watersheds. Nitrogen
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in food imports make their way to streams via sewered and unsewered waste
systems.

The source predictions of the various global models (GLOBAL, LS1-
GLOBAL, LS2-GLOBAL) are shown in Figure 5. These models classify
sources according to three types: point, atmospheric, and fertilizer (agricul-
tural). Because these models predict nitrate rather than total nitrogen export
as a function of the specified sources, use of the model to characterize sources
in the northeastern watersheds assumes that the source shares for nitrate are
equivalent for other nitrogen forms. In addition, other sources of nitrogen,
such as natural fixation, are not explicitly described by the models, and
would tend to be included by the three model sources. The GLOBAL model
indicates that atmospheric deposition represents the predominant source
in stream export (median = 50%; IQR = 35 to 70%), especially in the
northern watersheds of the Penobscot, Kennebec, Androscoggin, and Saco
where atmospheric contributions exceed 75%. Contributions from agricul-
tural sources are second in importance in most of the watersheds (median
= 22%; IQR = 12 to 31%). Agricultural sources are relatively large in all
watersheds south of the Mohawk, but only rarely exceed 50%. Point sources
(median = 16%; IQR = 7 to 30%) are only slightly smaller than agricultural
sources, but contribute the largest shares (>50%) in the two smallest water-
sheds, the Charles and Blackstone, and in the Merrimack. The LS1-GLOBAL
model suggests that atmospheric deposition has a similar, but slightly higher
relative contribution than in the GLOBAL model (median = 54%; IQR =
35 to 72%). Larger differences are noted in the other sources, where point
sources are typically higher (median = 36%; IQR = 16 to 54%) and agri-
cultural sources are generally lower (median = 6%; IQR = 3 to 9%) than
reported for the GLOBAL model. The LS2-GLOBAL model typically shows
higher atmospheric contributions (median = 70%; IQR = 56 to 83%) than
either of the other global models. The higher contributions are offset by lower
contributions from both point and fertilizer-related sources; however, the
LS2-GLOBAL model predictions of contributions from the fertilizer-related
sources are generally similar to those predicted by the GLOBAL model.

The SPARROW model indicates that atmospheric sources and non-
agricultural diffuse sources each contribute about one third of the nitrogen
to stream export in most of the watersheds (Table 7). Some of the largest
contributions from atmospheric nitrogen (>35%) are found in the Kennebec,
Connecticut, Hudson, Mohawk, and James watersheds. Most watersheds
have atmospheric contributions that are only slightly lower that this, and
typically lie in the range from 28 to 35%. Agricultural sources (fertilizer
plus livestock waste sources) are typically less than 30%, but contribute
nearly 50% of the nitrogen in the Susquehanna, Potomac, and Rappahannock
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watersheds. Point sources (industrial and municipal) typically contribute less
than 15%. Much larger point-source contributions (37 to 74%) are found
in the more highly populated watersheds of the Charles, Blackstone, and
Schuylkill. Non-agricultural diffuse sources are largest in the highly forested
northern watersheds, contributing from 44 to 61%; in other watersheds,
the contributions are less than about 30%. This source category is propor-
tional to non-agricultural land area, and accounts for remaining sources of
nitrogen that are not specified by the other source inputs in the model.
These sources may include nitrogen in the surface and subsurface flows from
urban, forested, wetlands, and barren lands. Nitrogen from forested lands
may include biotic N fixation. Groundwater nitrogen is implicitly included
in the agricultural and non-agricultural sources specified in the model, and
may include older waters from a mixture of sources.

A comparison of the global and SPARROW models shows that the
estimates of agricultural contributions are similar among the GLOBAL,
LS2-GLOBAL, and SPARROW models. Atmospheric sources consistently
contribute less to stream export according to the SPARROW model (about
30 to 40% less) than predicted by the various global models. Point source
contributions are similar in the SPARROW and LS2-GLOBAL model, which
are about one half of the magnitude of the point source shares predicted by
the GLOBAL model. The SPARROW model classifies about a third of the
nitrogen contributions as non-agricultural diffuse sources, which may include
a mixture of sources in the groundwater and runoff from urban and rural
lands. The point source shares from SPARROW and GLOBAL model are
highly correlated with the percentage of land classified as developed (r = 0.95
for both models). The percentage of cultivated land is highly correlated with
SPARROW estimates of agricultural contributions (r = 0.92); the GLOBAL
model shows somewhat less correlation (» = 0.53). Municipal point sources
in the SPARROW model expressed on a per capita basis have a median of
3.3 kg-N person™! with an interquartile range from 1.8 to 5.8 kg-N person~!
(Alexander et al. 2001), and compare with a per capita rate of 1.85 kg-N
person~! for the GLOBAL model. Per capita rates for residential wastewater
effluent in the United States have been previously estimated to range from 2.2
to 7 kg-N person~! (Thomann 1972; US EPA 1980).

The estimation of source contributions to streams using the HOWARTH
model is difficult because of uncertainty over how the intercept should be
apportioned to each source and the lack of separate point and cultural diffuse
inputs to the model. Although the model intercept of —120 provides a reas-
onably accurate adjustment to total stream export for additional N sources
and watershed attenuation, adjustments for these factors cannot be reliably
made to individual source terms. For example, the model does not ensure that
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the individual sources (atmospheric deposition, net antropogenic inputs) have
positive nitrogen mass or that the mass contributions for sources are less than
total stream export. This is not resolved by the use of any of several assump-
tions about how the intercept might be apportioned to the sources, including
the assumption that the intercept is distributed to each source in proportion
to the source’s share of the net inputs of nitrogen to each watershed. Under
this assumption, atmospheric contributions range from 67 to 115% and net
anthropogenic sources range from —15 to 38%.

7. Model predictions of nitrogen attenuation in watersheds

We made separate estimates of the rates of nitrogen loss in streams and on the
landscape (see Table 7) using empirically derived N loss coefficients in the
SPARROW model (Alexander et al. 2000, 2001) and estimates of the total N
loss in the northeastern watersheds, based on the difference between major N
inputs and stream nitrogen export (see Boyer et al. 2002). The other nitrogen
export models examined here lack explicit coefficients that quantify the rates
of N removal in watersheds. We compared these estimates with those gener-
ated by an application of the RivR-N model to the northeastern watersheds
(see Table 8; Seitzinger et al. 2002). RivR-N is a statistical in-stream loss
model that was calibrated using literature observations from mass balance and
denitrification studies for North American and European lakes and streams.
The model was used to estimate the removal of nitrogen in streams and lakes
of the northeastern watersheds as a function of the physical and hydraulic
characteristics (i.e. depth, time of travel) of the water bodies.

SPARROW estimates of stream nitrogen losses, when expressed as a
percentage of the total quantities of nitrogen removed in the watersheds
(Boyer et al. 2002), range from 7% to 54% (median = 24%; IQR = 18 to
31%; Table 7). These estimates suggest that a majority — typically about
75% — of the nitrogen loss in watersheds can be explained by attenuation
processes on the landscape (median = 76%; IQR = 71 to 82%). By compar-
ison, RivR-N estimates of in-stream nitrogen loss are higher. When expressed
as a percentage of the total quantities of nitrogen removed in the watersheds,
are typically about 48% (IQR = 40 to 63%; Table 8). Thus, according to this
model, landscape processes would typically account for 37 to 60% (IQR;
median = 52%) of the total quantities of N removed in the watersheds.

The higher estimates of in-stream loss by the RivR-N model may primarily
reflect differences in the spatial scale of the river networks used to derive the
estimates. The RivR-N model includes additional nitrogen losses in streams
smaller than RF1 streams (River Reach File; 1:500,000 scale; see Seitzinger
et al. 2002) to which SPARROW is applied. The RivR-N model includes
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1:100,000-scale reaches that are located upstream of RF1 streams. The RivR-
N loss estimates, expressed as a percentage of external inputs to streams, are
about 25 to 60% higher than the SPARROW estimates (median = 39%). By
contrast, the RivR-N loss estimates for the 1:500,000-scale RF1 streams are
only modestly larger than those for SPARROW (median ratio of RivR-N to
SPARROW loss percentage = 1.11; IQR = 0.95 to 1.16; r = 0.75). Inclu-
sion of the smaller 1:100,000-scale streams increases the loss percentages by
about 10 to 20 percentage points (Seitzinger et al. 2002). As much as about
25% of the difference in stream loss between the two methods may relate
to non-uniformities in the geographic distribution of sources in the water-
sheds. When SPARROW estimates of in-stream loss are derived under an
assumed uniform spatial distribution of sources (identical to that assumed by
the RivR-N model), the estimated losses are typically larger (median = 11%;
IQR = 5 to 25%) than those in Table 7, which are based on the actual reach
locations of sources. This suggests that a larger proportion of the point and
diffuse sources are probably located in the lower portions of the watersheds
(e.g. urban sources) and undergo less decay during the shorter travel times to
watershed outlets.

8. Summary and conclusions

We evaluated the accuracy (bias and precision) of six nitrogen export models
having varying levels of spatial resolution and process complexity and repre-
senting various empirical and quasi-empirical models that have been applied
to large watersheds. Four of the models were previously described in the liter-
ature; two models were statistically calibrated in this study using published
data sets for the largest rivers of the world. Many of the models were previ-
ously shown to explain large portions of the spatial variability in nitrogen
export from rivers in major continents of the world according to reported
R? statistics. However, the accuracy (bias and precision) of model predic-
tions of stream export, which R? alone does not reliably measure, has not
been previously reported and compared among the models. This study illus-
trates the value of using more reliable methods than R? to evaluate model
performance. We validated the models using detailed data on stream nitrogen
export, land-use, and natural and cultural inputs of nitrogen for 16 north-
eastern watersheds in the United States. The watersheds cover a sufficient
portion of the range of the conditions present in the original calibration
watersheds so as to provide an appropriate set of locations for evaluating
the models. The analysis improves understanding of how the models perform
over a range of environmental settings and how model complexity affects
prediction accuracy.
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Most of the models predicted stream nitrogen export to within 50% of
the measured export in a majority of the watersheds; however, all models
showed at least small amounts of bias in the model predictions. The three
models with the smallest bias (SPARROW, LS1-GLOBAL, and GLOBAL)
have a median prediction error of less than 5%. The PEIERLS model had
the largest bias (median error = —27%) followed by the HOWARTH model
(median error = —14%); both of these models under predicted nitrogen export
in 12 of the 16 watersheds. The lowest variability in the prediction errors (i.e.
most precise estimates of stream export) was observed for the HOWARTH
model, followed by the SPARROW and PEIERLS models.

We developed regression-based models of the prediction errors to
determine whether biases in model predictions are potentially caused by mis-
specification of the models in relation to various watershed characteristics
(i.e. “factor-related’ bias). Such biases may be caused by sources or delivery
processes that are not explicitly included in the models or model coeffi-
cients that inaccurately describe the supply and transport of nitrogen. This
measure of bias provides information about the performance of the nitrogen
export models in specific environmental settings. Evidence of factor-related
bias implies that improvements are feasible in the accuracy of the model
predictions through improved calibrations or modifications of the model
structure.

The two nitrogen export models with the smallest factor-related biases
(SPARROW, HOWARTH), as evidenced by small coefficient values for each
of the four watershed properties (cultivated land, developed land, runoff,
drainage size) evaluated in the error models, had prediction biases that were
at least 50% and smaller. The prediction biases were also less statistically
significant than those detected for the other models. Because these models
have more detailed descriptions of nitrogen sources, land and water attenu-
ation, and water flow paths than the other models, the results suggest that
model complexity has a beneficial effect on the accuracy of the predictions
of stream export. The HOWARTH model gives a detailed accounting of agri-
cultural sources, including crop N fixation and the import and export of foods
and feeds. SPARROW spatially references stream monitoring data, point and
diffuse nitrogen sources, and landscape properties to surface water flow paths
and imposes mass-balance constraints to empirically estimate the rates of
nitrogen transport on the landscape and in streams.

The evaluations of factor-related biases indicated that the prediction errors
of all of the export models are inversely correlated with cultivated land area.
Thus, there is a tendency for the models to under predict stream export in
watersheds that are more highly agricultural and over predict in watersheds
with less cropland and larger amounts of forested lands. The lower cultiv-
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ated land-related bias for the HOWARTH model may reflect the value of
a more detailed accounting of the supply and transport of nitrogen in agri-
cultural watersheds, including nitrogen fixation in crops, feed imports, and
crop exports. These are not explicitly accounted for in the various global
models. The inclusion of the livestock waste source in the SPARROW model
provides additional specification of agricultural sources that may account for
its relatively low cultivated land-related bias.

All of the export models except for SPARROW showed a statistically
significant negative correlation between prediction errors and runoff. In view
of the effects of runoff on stream export and nitrogen attenuation in water-
sheds, this finding suggests that the models may need to account more
effectively for nitrogen loss processes (e.g. denitrification, storage) at the
watershed scale related to the rates of water transport through surface and
subsurface pathways. The rates of nitrogen removal on the landscape and in
streams may be mediated by various hydrogeologic factors related to runoff
(e.g. channel density, stream morphology, water velocity, soil texture, ground-
water storage). More explicit descriptions of these factors in the models may
improve prediction accuracy.

Comparisons of the model predictions of source contributions to stream
export displayed the greatest consistency in the results for agricultural
sources; notable differences were found in the estimates of point sources and
atmospheric contributions. Although there are uncertainties as to the specific
effects of the prediction biases on the estimates of source contributions, the
error analysis suggests that many of the models may underestimate the contri-
butions of agricultural sources in more highly agricultural watersheds. Some
of the models may overestimate N contributions from point sources in more
highly developed watersheds.

The study represents an initial effort to validate the reliability of several
prominent stream nitrogen export models, and provides information for
guiding future applications and enhancements to the models. The regression-
based error analysis illustrated here can be readily applied in future eval-
uations of stream export models. It provides a reasonable approach for
validating and possibly correcting watershed models. The method also identi-
fies factor-related biases that can potentially be eliminated through improved
model calibrations. Future assessments of model errors would benefit from
evaluations of additional stream export models, such as GWLF (Haith &
Shoemaker 1987) and export-coefficient models (Johnes 1996), as well as
the inclusion of larger numbers of watersheds representing a more diverse
range of climate, land uses, and nitrogen sources. Because of the importance
of landscape attenuation and nitrogen processing related to specific land uses,
future error assessments should make use of deterministic landscape models
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in evaluating stream export models. Improvements in the modeling of land-
scape sources and sinks may yield important gains in prediction accuracy of
regional export models, and provide insight into ways to scale up catchment
fluxes more reliably. Research in this area may also lead to improvements in
the ability to combine mechanistic descriptions of processes in deterministic
models with statistical methods of empirically estimating flux rates at the
watershed scale.
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