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[1] Here we describe, test, and apply a spatially explicit, global model of river-borne
dissolved inorganic phosphorus (DIP) export called NEWS-DIP. Among the innovations
in NEWS-DIP are increased spatial resolution (0.5 � 0.5�), explicit treatment of sewage,
fertilizer, manure, and weathering P sources, and inclusion of reservoir retention and
consumptive water use terms. The NEWS-DIP model performed better than pre-existing
global models in predicting DIP yield for both calibration and validation basins (r2 = 0.72
and 0.56, respectively). NEWS-DIP predicts that of the 34 Tg of P yr�1 loaded on
watersheds by human activity globally, approximately 3% reaches river mouths as DIP;
anthropogenic sources account for 65% (0.71 Tg yr�1) of the DIP exported to the coastal
zone, with the remainder (0.38 Tg yr�1) attributable to natural weathering processes;
DIP yields range over 5 orders of magnitude, from less than 0.01 to 1153 kg P km�2 yr�1

with highest predicted DIP yields clustering in East Asia, Europe, and Indonesia;
human sewage is the largest anthropogenic source of DIP to the coastal zone on all
continents and to all ocean basins. NEWS-DIP also suggests that despite regional
variability, at the global scale, non-point sources of DIP such as inorganic P fertilizer and
manure are much less important in determining coastal export of DIP than point sources
and natural weathering processes.
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1. Introduction

[2] The global phosphorus (P) cycle has been greatly
altered by human activity. P mining and subsequent use as
fertilizer has more than doubled P inputs to the environment
over natural, background P from weathering [Mackenzie et
al., 1998; Bennett et al., 2001; Fixen and West, 2002].
Commonly a limiting nutrient in lakes and other freshwater
systems, P is also thought to play an important role in
controlling coastal primary productivity and ecosystem
dynamics. Though coastal systems are typically thought of
as nitrogen (N)-limited, there are several coastal systems
where P-limitation has been demonstrated for all or part of
the year [Harrison et al., 1990; Jensen et al., 1998; Fisher
et al., 1999; Murrell et al., 2002], and coastal P-limitation
may well become more prevalent if anthropogenic N

mobilization increases faster than P mobilization, with
projected increases in food and energy production [Justic
et al., 1995; Turner et al., 2003].
[3] In many systems, dissolved inorganic P (DIP) (also

called soluble reactive phosphorus (SRP) or orthophosphate
(PO4

3�)) constitutes a relatively small portion of the phos-
phorus exported by rivers (�1.5 Tg P as DIP globally
versus �20 Tg P as total P (TP) globally [Meybeck, 1982;
Melack, 1995]). However, whereas all of the DIP pool is
generally thought to be bioavailable in rivers, lakes, and
coastal waters, significant portions of the particulate and
organic P pools are not available for use by organisms
[Bradford and Peters, 1987; Ekholm, 1994; Fox, 1989].
Therefore, even accounting for desorption of sorbed P in
estuaries [Froelich, 1988; Howarth et al., 1995], DIP plays
an important role in controlling the biology of such systems.
As such, the development of a DIP export model constitutes
a critical first step toward a synthetic understanding of
coastal P delivery, which must eventually also include
models for delivery of particulate and dissolved organic P.
[4] Several studies have modeled the dynamics of river

DIP transport at local to regional scales with mixed success
(Table 1). The more successful DIP models [e.g., Weller et
al., 2003] have been developed for specific regions and
have been highly tuned to conditions within those regions.
It is therefore not feasible to apply these models at the
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global scale. Until relatively recently, a similar situation
existed with respect to dissolved inorganic N (DIN). How-
ever, the recent development and application of global,
spatially explicit DIN and total N export models [Seitzinger
and Kroeze, 1998; Kroeze and Seitzinger, 1998; Caraco and
Cole, 1999; Seitzinger et al., 2002; Green et al., 2004] has
facilitated the development of the first global, spatially
explicit representations of DIN export by rivers to the
coastal zone.
[5] To this point, there has not been a comparable

analysis of the magnitude, distribution, and sources of
DIP export via rivers. While the global, and in some
cases regional, magnitude of TP and DIP export has been
estimated using measurement data [e.g., Pierrou, 1975;
Meybeck, 1982; Richey, 1983; Wollast, 1983; Howarth et
al., 1996; Smith et al., 2003], and Ver et al. [1999]
include DIP in their non-spatially explicit global model of
nutrient export, global spatial patterns of DIP export
remain largely unstudied. Caraco [1995] developed a
model for DIP export by large rivers using urban popu-
lation density, fertilizer P inputs, and basin runoff as
explanatory variables, but did not apply that model to
non-calibration basins. Smith et al. [2003] developed an
empirical model of DIP yield, predicting DIP yield as a
function of water runoff and population density. However,
this model was not validated using non-calibration rivers,

and was only used to define broad classes of basins with
respect to DIP yield. It also cannot be used to examine
the relative importance of different DIP sources within a
watershed.
[6] Here we describe, test, and apply a new, spatially

explicit global model of DIP export. This model was
developed as part of an international interdisciplinary
effort to model river export of multiple bioactive elements
(C, N, P, and Si) and elemental forms (dissolved/partic-
ulate, inorganic/organic) called Global Nutrient Export
from Watersheds (Global NEWS). Because of this, we
hereinafter refer to the DIP model as ‘‘NEWS-DIP.’’
NEWS-DIP includes several innovations and advantages
over previous global DIP export models, including in-
creased spatial resolution (0.5 � 0.5�) of global input
data sets and watershed delineations, explicit treatment of
sewage, fertilizer, manure, and weathering P sources, and
inclusion of reservoir retention and consumptive water
use terms.

2. Methodology

[7] We developed and applied the NEWS-DIP model to
estimate the global distribution, magnitudes, and sources
of DIP export by rivers worldwide for the year 1995. In
the sections that follow, we describe the NEWS-DIP

Table 1. Description and Performance Evaluation of Existing DIP-Export Modelsa

Model Name
and/or Reference

Model
Scaleb

Number of Sites to
Which Calibrated/in
Which Validated

Region(s) of
Applicationc

r2

Model
Typed

Concentration,
mg L�1

Yield,
kg km�2 yr�1

Load,
kg basin�1 yr�1

Patuxent model
[Weller et al., 2003]

catchment 21 catchments
in one basin/0

Patuxent R.
(U.S.)

0.73 0.84 0.994 empirical

Riverstrahler
[Billen et al., 2001]

river reach 3 stations on one
river/0

Seine R.
(Europe)

0.39 NA NA dynamic

LASCAM
[Viney et al., 2000]

catchment 2 catchments in
one basin/0

Avon R.
(Australia)

NA NA NA dynamic

McIntyre et al.
[2003]

river reach 1/0 Charles R.
(U.S.)

0.68 NA NA dynamic

Daly et al. [2002] catchment 35 catchments on
12 rivers/0

Ireland 0.68 and 0.62e NA NA empirical

Arheimer and Liden
[2000]

catchment 24 catchments in
one region/
4 catchments

Sweden 0.71 NA NA empirical

Caraco [1995] river basin 32 large rivers
worldwide/0

Global NA 0.67 NA quasi-empirical

Smith et al. [2003] river basin 165 large and small
rivers worldwide/0

Global NA 0.58 NA empirical

NEWS-DIP
(this paper)

river basin 53 medium-large
rivers worldwide/
54 medium-large
rivers worldwide

Global 0.42 0.72 0.74 quasi-empirical

aCoefficients of determination (r2 values) are for log-modeled versus log-measured DIP concentrations (both annual average and instantaneous
depending on the model), and are calculated for calibration data sets. Some commonly used water quality models which reportedly model DIP export
such as HSPF [Bicknell et al., 1997], QUAL2E [Chapra and Pelletier, 2003], SWAT [Neitsch et al., 2002], and WASP [Wool et al., 2004] have
not been included in this table because of a lack of published comparisons between modeled and measured DIP data. NA denotes not available in
literature.

bModel scale is defined by the finest spatial unit for which the model predicts DIP export.
cRegion(s) of application refers to the system(s) in which each model has been applied to predict DIP export.
dModel type refers to whether the model is purely empirical, quasi-empirical, or dynamic. Empirical models were derived entirely from a multiple

regression approach. Quasi-empirical models were developed using literature and data-derived relationships and tuned to natural systems via adjustable
coefficients. Dynamic models are similar to quasi-empirical models in that they have been developed using observed relationships and tuned to particular
systems. However, these models can be run through time.

eData set was divided into two groups based on principal components analysis, and distinct groups were modeled separately.
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model, the model calibration procedure used in model
development, and model input data, calibration data, and
validation data.

2.1. NEWS-DIP Model

[8] Building on work by Caraco [1995], we developed
a new model to predict DIP yield (kg P km�2 yr�1). This
model predicts DIP yield (DIP) as a function of point
source and non-point source P inputs, weathered P,
reservoir retention, and consumptive use. The model’s
central equation is as follows:

DIP ¼ Qact=Qnatð Þ � 1� Dð Þ � H � Ecap þ 1= 1þ R=að Þ�b
� �h in

� Wmax þ Lmax � Pfert þ Pam

� �� 	o
; ð1Þ

where DIP is the area-weighted mean DIP yield (kg P km�2

yr�1) for an entire river basin (as opposed to DIP-load (kg P
basin�1 yr�1) or DIP concentration (mg P-L�1)). DIP is
calculated as a function of within-basin P sources and sinks.
Source terms include point sources and diffuse sources.
Point sources are calculated as a function of population
density (H) (individuals km�2) and per-capita DIP yield
(Ecap) (kg P person�1 yr�1). Diffuse sources are calculated
as a function of runoff (R) (m yr�1), fertilizer P inputs (Pfert)
(kg P km�2 yr�1), animal manure P inputs (Pam) (kg P
km�2 yr�1), and four calibrated coefficients defining the
shape of the runoff response curve for weathering and non-
point DIP sources (a, b,Wmax, and Lmax, discussed further in
section 2.2.2). Diffuse sources were treated as a sigmoid
function of runoff, increasing slowly with runoff at low
runoff values, more rapidly with runoff at higher runoffs,
and topping out at a threshold level in high runoff systems.
This sigmoid relationship between runoff and diffuse
sources is responsible for the term (1/(1 + (R/a)�b)) in
NEWS-DIP’s central equation. Sinks include consumptive
water use, calculated as the ratio of contemporary river
discharge (Qact) to pre-dam river discharge (Qnat), and
within-basin DIP retention due to DIP trapping in reservoirs
(D) (0–1). Input variables consisted mainly of spatially
explicit, 0.5� � 0.5� resolution gridded data sets (Table 2),
which were used to compute area-weighted, basin wide
means. Several of the model inputs were derived from
submodels described in the following sections. Calibrated
coefficients a, b, Wmax, and Lmax, were constrained to
observation-based ranges (section 2.2.2), and in our
formulation were set to 0.85, 2, 26, and 0.04, respectively.

[9] The magnitudes of individual source contributions
were calculated as follows:

DIPpoint source ¼ Qact=Qnatð Þ � 1� Dð Þ � H � Ecap; ð2Þ

DIPweathering ¼ Qact=Qnatð Þ � 1� Dð Þ � Wmax= 1þ R=að Þ�b
h in o

;

ð3Þ

DIPfertilizer ¼ Qact=Qnatð Þ � 1� Dð Þ

� Lmax � Pfert= 1þ R=að Þ�b
h in o

; ð4Þ

DIPmanure ¼ Qact=Qnatð Þ � 1� Dð Þ

� Lmax � Pman= 1þ R=að Þ�b
h in o

; ð5Þ

where symbols and coefficient values are the same as in
equation (1) and the notation section.

2.2. Model Development

2.2.1. River Data
[10] River discharge and DIP concentration data were

compiled for 111 medium-to-large sized river basins world-
wide from several sources (Appendix A). Rivers used for
model calibration and validation included basins from a
broad range of latitudes, climate types, and sizes (Figure 1;
Appendix A). They also included river basins that were both
heavily developed and relatively free of human activity.
Runoff in study basins ranged from 0.01 to 2.75 m yr�1

with a median value of 0.28 m yr�1. Median annual DIP
concentration ([DIP]) ranged from 0.002 to 0.810 mg L�1

with a median value of 0.030 for all systems. When
possible, we used flow-weighted mean [DIP] in our analysis
(17 cases). When this was not possible, we used median
[DIP] (90 cases) or mean concentrations (four cases). The
combined discharge of study rivers accounts for over 50%
of the world river exoreic discharge (37,400 km3 yr�1

[Meybeck, 1982]), with 37% in the calibration data set,
and 14% in the validation data set.
[11] We applied several filters to the available data to

assure quality and appropriate application. We included
only data where we could verify that both flows and
concentrations had been measured (i.e., were not model-
derived). We limited our analysis to concentration and

Table 2. Input Data Sets for NEWS-DIP

Data Set Resolution Year Source(s)

Basin delineations 0.5� 1960–1994 STN30 [Vörösmarty et al., 2000a, 2000b]
River networks 0.5� 1960–1994 STN30 [Vörösmarty et al., 2000a. 2000b]
Water runoff 0.5� 1960–1994 STN30 [Vörösmarty et al., 2000a, 2000b]
Population density 0.5� 1995 Klein Goldewijk [2001]
Fertilizer P inputs 0.5� 1995 Bouwman et al. [2005a]
Manure P inputs 0.5� 1995 Bouwman et al. [2005a]
Land use 0.5� 1995 Bouwman et al. [2005a]
Country GNP country 1995 World Bank [2000]
Sanitation data sets country 1995 WHO/UNICEF [2001]; Bouwman et al. [2005b]
Sewage treatment country 1995 WHO/UNICEF [2001]; Bouwman et al. [2005b]
Pre-dam water discharge 137 rivers NA Meybeck and Ragu [1996]
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discharge data that had been collected after 1970. We also
limited our calibration and validation analyses to basins that
encompassed more than ten 0.5 � 0.5 degree grid cells (see
section 2.2.3.). We selected the most seaward, freshwater
sampling point on each river included in our study, and the
great majority of stations were located within 50 km of the
coast. We also limited our analysis to exorheic river basins,
basins exporting water to one of the major oceans, the
Mediterranean Sea, or the Black Sea. Rivers discharging to
the Baltic Sea were treated as discharging to the Atlantic
Ocean.
[12] In addition to the 111 medium-large basins used for

model calibration and validation, we also used data from
393 smaller basins in the continental United States (each
containing fewer than ten 0.5 � 0.5� grid cells; range 70–
38616 km2) to test NEWS-DIP’s ability to predict DIP load
for smaller watersheds. These data were taken from the
same sources and subject to the same quality control filters
as the medium and large-sized basins.
2.2.2. Model Calibration, Validation, and Sensitivity
Analysis
[13] For the NEWS-DIP model, approximately half of the

basins (56 rivers) in our global river data set were randomly
assigned as calibration rivers (Figure 1). Calibration was
achieved by optimizing the model to attain the highest
model efficiency (R2) while maintaining coefficients within
the range of literature values. Model efficiency (capital R2,
not the coefficient of determination (r2)) is a metric ranging
from 0 to 1 reflecting the degree of fit between measured
and modeled values [Nash and Sutcliffe, 1970]. When
R2 = 1, all points fall on the 1:1 line. When R2 is 0, model
error is equal to the variability in the data. Coefficients a, b,
Lmax, and Wmax were the only calibrated coefficients in the
NEWS-DIP model. No coefficients relating to point source
inputs or reservoir retention were calibrated.
[14] We determined the potential ranges for coefficients a,

b, Wmax, and Lmax through analysis of published data.

Coefficients a and b determine the inflection point and the
steepness of the curve relating non-point source P (includ-
ing weathered P) to water runoff. Wmax defines the upper
limit for weathering derived DIP (kg P km�2 yr�1). Lmax

defines the upper limit for the fraction of applied manure
and P fertilizer that is carried downstream. To determine the
ranges of a, b, and Wmax (as well as the shape of the
relationship between runoff and weathering-derived P), we
examined published data for P export from basins receiving
low levels (<100 kg km�2 yr�1) of anthropogenic P. For
these basins, there appeared to be a sigmoid relationship
between runoff and DIP yield, with an inflection point
somewhere between 0 and 1 m yr�1 runoff. We therefore
allowed the inflection point of modeled DIP yield (defined
by a) to vary between 0 and 1, with a step size of 0.05. We
allowed b (defining the steepness of the rising arm of the
sigmoid curve in the relationship between runoff and
weathered P export) to vary between 1 and 20, with a step
size of 1. In these relatively uninhabited basins, P-yield
never exceeded 40 kg P km�2 yr�1. Therefore, in our model
calibration procedure, we allowed Wmax to vary between 10
and 40 kg km�2 yr�1 with a step size of 2.
[15] We assumed that non-point P would respond simi-

larly to weathered P (i.e., as the same function of runoff),
and therefore applied the same a and b to our representation
of non-point P mobilization as was applied to our represen-
tation of weathering-derived P. The maximum non-point P
mobilized (Lmax) is treated as a fraction of the non-point P
(fertilizer and manure) applied. We determined the potential
range of Lmax based on literature values. Plot-level and
regional studies have generally found that about 0.1–3.3%
of the P applied as fertilizer or manure is lost as DIP via
surface water transport [Burwell et al., 1997; McColl et al.,
1977; Nicholaichuk and Read, 1978; Sharpley and Syers,
1979; McDowell and McGregor, 1984; Sharpley et
al., 1995; Bennett et al., 1999; Baker and Richards,
2002]. However, these studies have generally not been

Figure 1. Spatial distribution of basins used to calibrate and validate the NEWS-DIP model. Bold lines
represent approximate borders used to delineate continents for continental scale aggregations. See
Appendix A for data, model output, and basin names.
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conducted in areas subject to high runoff rates, and the
fraction of applied P fertilizer and manure lost to surface
waters as DIP is likely to be higher in such systems. Also,
with respect to manure, this percentage can vary substan-
tially depending on livestock diet, soil sorption capacity,
and runoff. Reported values for export of DIP from manure
treated under ideal conditions for DIP loss (P-rich manure,
no conservation tillage, and intense, artificial rain events)
range up to 40% [Ebeling et al., 2002]. For this study, we
allowed Lmax to vary between 1 and 10% with a step size of
1%. We then used a script to test every possible combina-
tion of these coefficients, and chose the set of coefficient
values yielding the highest R2.
[16] The 55 basins that had not been used for model

calibration were assigned to a validation data set. We used
this data set to evaluate NEWS-DIP bias and precision
according to Alexander et al. [2002]. Prediction error (K)
is expressed, as by Alexander et al. [2002], as

K ¼ L�M

M
� 100

� �
; ð6Þ

where L is the model prediction, and M is the measured
stream DIP export.
[17] Change in model efficiency (R2) [Nash and

Sutcliffe, 1970] was determined upon removal of model
components (e.g., point sources, non-point sources,
weathering sources, consumptive use, and reservoir DIP
retention). This change in model efficiency was then used
to evaluate the relative importance of different model
components in explaining DIP export. We also subjected
the NEWS-DIP model to a sensitivity analysis in which
we varied each model input and coefficient and each
combination of inputs and coefficients (±5%) and quantified
model response to these variations.
[18] In addition to our work with NEWS-DIP, we also

evaluated r2, R2, model bias, and model precision of two
other DIP export models. One of these was a model recently
published by Smith et al. [2003], developed as a product of
the International Geosphere Biosphere Program-Land
Ocean Interactions in the Coastal Zone (IGBP-LOICZ)
project and hereinafter referred to as LOICZ-DIP. LOICZ-
DIP model predictions were compared with measurement
data not used in the formulation of the original LOICZ-DIP
model. We carried out a similar analysis for a quasi-
empirical model developed for large rivers [Caraco, 1995]
(hereinafter referred to as CARACO-DIP); this model used
literature values to constrain coefficients for a model that is
consistent with physical drivers of DIP export, but was not
validated using non-calibration data. In analysis of both
models, we used 47 river basins with more than 10 cells
each, all coinciding with basins used to validate NEWS-
DIP. However, eight basins in the data set used to validate
NEWS-DIP were excluded from LOICZ-DIP and CAR-
ACO-DIP validation data sets because they were used in the
original calibration of those models. We used SPSS 11.5.1
for basic statistical procedures and Matlab 6.0 for model
calibration and R2 calculations.
2.2.3. Hydrological Inputs and Reservoir Retention
[19] An updated version of the STN30-p global river

network (STN30-p version 6.0 [Vörösmarty et al., 2000a,

2000b]) was used to define basin boundaries for model runs
at 0.5 � 0.5� resolution. Because we were limited to 0.5 �
0.5� resolution, and because basins were delineated using a
digital elevation model, STN30-p basin shape and size
deviated somewhat from actual basin shape and size. This
problem worsened as basins decreased in size. For example,
for basins encompassing more than ten 0.5� � 0.5� grid
cells, the average ratio of modeled to measured basin size
was 1.18 ± 0.48 (1 S.D.). However, for basins with fewer
than ten 0.5� � 0.5� grid cells, the average ratio of modeled
to measured basin size was generally too high and quite
variable (7.14 ± 28.98 (1 S.D.)) We therefore limited our
calibration and validation analyses to basins that contained
more than 10 0.5 � 0.5� degree grid cells. We used modeled
runoff estimates from the water balance model (WBM) as
described by Vörösmarty et al. [2000a, 2000b] to supply
runoff values for model runs.
[20] To estimate the impact of consumptive water (and

thus DIP) use on DIP export, we multiplied predicted DIP
yield by the ratio of measured post-dam water discharge to
measured pre-dam water discharge (Qact/Qnat). Values for
Qact/Qnat were taken from Meybeck and Ragu [1996], and
when unavailable were assumed to equal 1. This approach
assumes that DIP removed from rivers for irrigation or other
consumptive purpose does not find its way back into surface
drainage waters.
[21] For our estimate of DIP retention by reservoirs, we

used a spatially explicit dam database [Vörösmarty et al.,
1997]. This database includes locations and reservoir
volumes for 714 large (>15 m tall) dams worldwide.
We calculated P retention in reservoirs (D) according to
Wilhelmus et al. [1978] as

D ¼ 0:85� 1� e �0:0807�Rtð Þ
� �

; ð7Þ

where Rt is the change in retention time (days) due to the
creation of reservoirs, calculated by dividing reservoir
capacity by reservoir discharge as done by Vörösmarty et al.
[2003]. However, rather than clustering reservoirs by sub-
basin as done by Vörösmarty et al. [2003], we evaluated Rt
for every reservoir for which we had data. This approach
may somewhat overestimate the impact of reservoirs when
reservoirs occur in sequence and relatively close together. It
may also underestimate the impact of reservoirs by failing
to include smaller, but potentially important, impound-
ments. However, this approach represents a marked
improvement over ignoring reservoirs altogether as previous
models have done.
2.2.4. Point Source Inputs
[22] Point sources are critically important in defining DIP

export by many rivers. Previous global DIP models have
included point sources as major drivers of DIP export, but
have relied solely on population density [Smith et al., 2003]
or estimated urban population density [Caraco, 1995] as
predictors of DIP point sources, ignoring potentially impor-
tant factors such as variability in P excretion rates, sewer-
age, and wastewater treatment. P excretion rates, sewerage,
and wastewater treatment all vary substantially at the
global scale [World Health Organization (WHO)/UNICEF,
2001; Bouwman et al., 2005b], so including them in an
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estimate of point source inputs is likely to enhance model
predictive capacity. We calculated net DIP point source
emission to surface water similarly to Bouwman et al.
[2005a] as

Ecap ¼ 1� Tð Þ � I � 0:365� Pemð Þ; ð8Þ

where Ecap is net phosphorus emission to surface water (kg
person�1 yr�1), T is the rate of P removal via wastewater
treatment (i.e., P retention as a fraction of the P influent to
treatment plants; 0–1), I is the fraction of the population
connected to sewerage systems (0–1), and Pem is the gross
human P emission (g P person�1 d�1). In addition to
sewage, P-based detergents may constitute a significant
source of surface water DIP in many countries. However,
they are not explicitly accounted for by NEWS-DIP owing
to a lack of input data.
[23] We used a conceptual relationship of per capita

human P emission and per capita income similar to that
used by Van Drecht et al. [2003] for nitrogen,

Pem ¼ 3:2þ 4:4� GDP=43; 639ð Þ0:5; ð9Þ

where Pem is per capita daily human P emission (g per
person per day) and GDP is per capita gross domestic
product (1995 US$ per capita per year). GDP for each
country is divided by 43,639, the world’s highest per capita
GDP in 1995 (Switzerland) [World Bank, 2000]. Low-
income countries have human per capita P emissions of
about 1.3 kg yr�1 and industrialized countries between 2.3
and 2.6 kg yr�1. Data for I (equation (8)) were extracted
from Bouwman et al. [2005b].
[24] For countries where sewage treatment data were

available (16% of countries globally), T was calculated
as

T ¼ 0:1� Fmech þ 0:35� Fbiol þ 0:8� Fadv; ð10Þ

where Fmech, Fbiol, and Fadv are the fractions of each
country’s sewage that has mechanical, biological, and
advanced treatment, respectively. Coefficients for each
treatment type (0.1, 0.35, and 0.8) were assigned as
suggested by Black and Veach Consulting Engineers
[1971] and Slam [1980]. For countries where no data on
sewage treatment were available we used regional estimates
of sewage treatment [WHO/UNICEF, 2001; Bouwman et
al., 2005b].
2.2.5. Diffuse P Sources
[25] There is some indication that non-point P inputs such

as fertilizer and manure are important sources of DIP to
surface waters during runoff events [Ebeling et al., 2002;
Baker and Richards, 2002] at local to regional scales.
However, manure and fertilizer P inputs have not explicitly
been included in past efforts to model DIP export at the
global scale. In NEWS-DIP, P inputs from inorganic P
fertilizer (Pfe) and animal manure (Pam) were calculated as
done by Bouwman et al. [2005a]. For fertilizer P inputs,
national P-use data were used and distributed across agri-
cultural areas, maintaining different application rates for
different crop types as done by Bouwman et al. [2005a].

For manure P inputs, we used published N:P ratios of
manure for various livestock species, including pigs, cows,
chickens, sheep, goats, and horses [Bouwman et al.,
2005a].

3. Results and Discussion

3.1. NEWS-DIP Model Performance

[26] NEWS-DIP explains 72% and 56% of the variability
in per-area DIP export (DIP-yield) in calibration and vali-
dation basins, respectively, substantially more than previous
global models of DIP export (Figure 2, Tables 1 and 3). It
explains 74% and 61% of the variability in per-basin DIP
export (DIP load) in calibration and validation basins,
respectively (Table 3). Slopes of measured versus
modeled DIP yield were not significantly different from
unity for calibration or validation basins (P > 0.05).
Using modeled (i.e., STN30) rather than measured runoff
values for basins with measured DIP had very little
effect on the predictive capacity of the model (r2 using
modeled runoff for measured versus predicted DIP yield =
0.72 and 0.54 for the calibration and validation data sets,
respectively).
[27] Despite the reasonably good fit between measured

and modeled DIP yield (or load), error on a basin-by-
basin scale was considerable. The standard error of log-
transformed predictions was 0.47. DIP yield predictions
for 59% of basins were within a factor of 2 of mea-
surement-based estimates, 73% were within a factor of 4,
and 96% were within 1 order of magnitude. Error in DIP
yield predictions associated with large basins was similar
to error associated with relatively small basins. However,
absolute error associated with high-yield basins was
somewhat greater than error associated with low-yield
basins as evidenced by the similar scatter in data points
relative to the 1:1 line over the entire range despite log-
log axes (Figure 2). The range of errors in NEWS-DIP
predictions is substantially smaller than that for other

Figure 2. Measured versus modeled DIP yield (kg km�2

yr�1) for calibration basins (circles) and validation basins
(triangles). See Appendix A for data, model output, and
basin names. The 1:1 line is shown.
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DIP export models, as indicated by the inter-quartile
range and distribution of prediction errors (Table 3).
[28] NEWS-DIP’s uncertainty, as reflected in its inter-

quartile range and distribution of prediction errors, is
slightly greater than uncertainty associated with global
export models for TN and DIN (Table 3) [Alexander et
al., 2002]. However, the error associated with NEWS-DIP is
similar in magnitude to the interannual variability of DIP
yields in several U.S. rivers. For example, the difference
between minimum and maximum DIP export years is
fivefold for the Mississippi River and over an order of
magnitude for the Potomac River (data from Alexander et
al. [1996]). This suggests that NEWS-DIP predictions are
likely to fall within the range of interannual variability for
any given river.
[29] Despite the uncertainty inherent in global modeling

efforts, the NEWS-DIP model represents a substantial
improvement over past efforts at DIP export modeling.
In the sections that follow, we use the NEWS-DIP model

to gain insight into patterns, controls, and sources of DIP
export from watersheds worldwide. We then explore
model sensitivities, uncertainties, and potential ways to
improve our capacity to model DIP export in future
modeling efforts.

3.2. Model Predictions

3.2.1. Spatial Distribution of DIP Export and Sources
[30] Predicted DIP yields ranged over 5 orders of magni-

tude, from less than 0.01 to 1153 kg P km�2 yr�1 (Figures 2
and 3). Highest predicted DIP yields tended to cluster in
Japan, Korea, Indonesia, and Europe. There are also pre-
dicted hot spots for DIP yield in portions of the northeast
United States, Central and South America, and West Africa.
The highest predicted yield occurs in Japan’s Kiso basin.
The lowest predicted yield occurs in Northern Australia. In
general, low predicted DIP yields tend to occur in areas with
low levels of anthropogenic influence or in relatively dry
regions.

Figure 3. NEWS-DIP predicted DIP yield by watershed (kg P km�2 yr�1) for exoreic basins. White
basins are either endoreic or had no predicted DIP export. For the sake of clarity, only delineations for
basins containing more than 10 half-degree grid cells are shown. See color version of this figure at back
of this issue.

Table 3. Metrics of Model Performance for NEWS-DIP, LOICZ, and CARACO Models Validated With Data From a Global Data Seta

Model

DIP or DIN
Yield, kg P or
Nkm�2 yr�1

DIP Load,
Ton P
basin�1

IQRb

Prediction
Errors,
%

r2 R2 r2 R2 Minimum 25th 75th Maximum

NEWS-DIP-Calibration 0.72 0.68 0.74 0.63 178 �86 �31 148 1494
NEWS-DIP-Validation 0.56 0.51 0.60 0.47 247 �90 �9 239 2542
LOICZ-DIP-Validation 0.46 0.17 0.52 0.46 502 �78 �16 487 13672
CARACO-Validation 0.41 0.34 0.54 0.43 692 �96 30 722 19982
N-Model-Calibrationc 0.84 108 �77 �26 82 1205

aR2 is model efficiency as defined in section 2.2.2, and r2 is the coefficient of determination. Measured runoff from basins containing more than ten
0.5 � 0.5� cells were used for all validation calculations. N-Model error statistics for calibration basins are also included for comparison of global
DIP models with a global DIN model. Errors are computed as the difference between the predicted and measured values of stream phosphorus yield
(kg km�2 yr�1) expressed as a percentage of the measured export (equation (6)).

bInterquartile range (difference between the 25th and 75th percentiles of the distribution of errors).
cValues for Seitzinger and Kroeze [1998] N-model for DIN, from Alexander et al. [2002].
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[31] The pattern of predicted coastal DIP loads differs in a
number of respects from the pattern of predicted DIP yield
(compare Figures 3 and 4). This is consistent with the
observation made by Smith et al. [2003] that while locally
important because of their effects on receiving waters, high
yield systems do not dominate DIP export on a global scale.
Whereas the five highest yield systems account for just
0.03% of the total DIP export to the coastal zone, the five
highest load systems (the Amazon (100,432 Mg P yr�1),
Ganges (45,415 Mg P yr�1), Zaire (37,622 Mg P yr�1),
Danube (24,018 Mg P yr�1), and Chang Jiang (20,482 Mg
P yr�1) rivers) together account for over 20% of the
predicted global DIP export. The largest 10% of river basins
as defined by STN30 account for 62% of the globally
exported DIP.
[32] NEWS-DIP predicts that in 1995, weathering was the

dominant source of coastal DIP in 71% of STN30’s exoreic
basins (Figure 5). Basins where NEWS-DIP predicts weath-
ering to dominate DIP sources lie in high-latitude regions
with relatively little human influence and in wet tropical
systems such as the Amazon, the Congo, Northern Aus-
tralia, and Indonesia. NEWS-DIP predicts that human
activity dominated DIP export from basins encompassing
29% of exoreic basins worldwide, and that DIP export in
99% of these basins is dominated by human sewage.
These point-source dominated basins include the majority
of the temperate, tropical, and subtropical river basins
(Figure 5). NEWS-DIP also predicts that inorganic
P fertilizer is the dominant source of DIP to the coast
in just 1.2% of STN30 basins. These basins are small and
located in New Zealand, Japan, and Southeast Asia
(Figure 6). Manure was not predicted to be the dominant
source of coastal DIP in any watersheds as defined by
STN30.
[33] Though a few studies have attempted to attribute

sources of TP [Boynton et al., 1995; Baker and Richards,

2002; Moore et al., 2004] and total PO4 (dissolved plus
acid-soluble, but undigested particulate) [Jordan et al.,
2003] to river P loading, we were able to locate only one
study quantifying the relative importance of different
land-based sources specifically to river DIP loading. This
one study of a relatively rural portion of the Thames
River watershed [Cooper et al., 2002] suggests that point
sources account for 77–97% of the river DIP inputs,
depending on the year (1995–1999). NEWS-DIP predicts
that for the whole Thames River watershed, including the
more urban portions, point sources account for 99% of
the DIP loading, a fairly good agreement with the local
study.
[34] Comparison of NEWS-DIP predictions with regional

studies that estimate sources of other P forms also suggests
that NEWS-DIP predictions are reasonable. Studies attrib-
uting TP or total PO4 to point and non-point sources have
calculated point source inputs based on data from waste-
water treatment plants and subtracted that value from total
export to calculate contribution from non-point sources.
Such studies have estimated that point sources contribute
95% of the TP load to the Patuxent River [Boynton et al.,
1995] and 50% of the TP load to Baltic rivers [HELCOM,
2003]. Assuming TP:DIP ratios of 0.033 and 1 for point and
non-point sources, respectively (similar to values reported
by Cooper et al. [2002] for the Thames), this translates to
estimated point source contributions of 97 and 67% for the
Patuxent and Baltic, respectively. NEWS-DIP estimates that
point sources account for 99 and 92% of the DIP source in
the Patuxent and Baltic regions, respectively.
[35] Our work with NEWS-DIP suggests that on a global

scale, point sources, not anthropogenic diffuse sources,
most often dominate DIP export to coastal regions, even
in intensively farmed regions. This suggests that sources of
river-exported DIP differ substantially from sources of
river-exported DIN. Whereas global DIN export has been

Figure 4. NEWS-DIP predicted DIP load by watershed (Mg P basin�1 yr�1) for exoreic basins. For the
sake of clarity, only delineations for basins containing more than 10 half-degree grid cells are shown. See
color version of this figure at back of this issue.
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attributed mainly to non-point N sources, particularly N
fertilizer [Seitzinger and Kroeze, 1998; Caraco and Cole,
1999; Green et al., 2004; Dumont et al., 2005], global
DIP export is influenced mainly by sewage point sources.
The dominant role of point sources in controlling DIP export
is consistent with previous global analyses [Caraco, 1995;
Smith et al., 2003].
3.2.2. Global and Regional Analyses
[36] We estimate that 1.1 Tg P yr�1 reached river mouths

as DIP in 1995. This estimate is similar to other recent,
measurement-based and model-calculated estimates of
global DIP export, which range from 0.8 to 2.4 Tg yr�1

[Pierrou, 1975; Meybeck, 1982; Richey, 1983; Wollast,
1983; Smith et al., 2003]. Of the 35 Tg of P we calculate
are loaded on watersheds by human activity globally,
we estimate approximately 3% is exported by rivers as
DIP. According to NEWS-DIP, anthropogenic sources
account for 65% (0.7 Tg yr�1) of the DIP exported to
the coastal zone, with the remainder (0.4 Tg yr�1)
attributable to natural weathering processes. This
predicted rate of weathering-derived P export is similar
to the rate predicted by Meybeck [1982] (0.4 Tg yr�1),
an estimate based on a study of relatively unimpacted
rivers.
[37] According to NEWS-DIP, sewage waste alone

accounts for over half (61%) of the total global DIP export
via rivers. Inorganic fertilizer (4%) and animal manure
(0.5%) contribute substantially smaller fractions of the
coastal DIP load.
[38] According to NEWS-DIP predictions, Asia is the

largest continental exporter of DIP (Figure 6), contributing
32% (0.35 Tg yr�1) of the total global DIP export to the
coast. Export rates for other continents vary substantially,
with Europe, South America, North America (including
Greenland), Africa, Oceania (including New Zealand), and
Australia each exporting 0.20, 0.20, 0.12, 0.12, 0.09, and
0.01 Tg of DIP P yr�1, respectively. Of the world’s ocean

basins, NEWS-DIP predicts that the Atlantic Ocean receives
the most DIP from land-based sources (0.48 Tg yr�1),
followed by the Pacific and Indian oceans (0.32 and 0.16,
respectively), the Mediterranean and Black seas (0.10 Tg
yr�1), and the Arctic Ocean (0.03 Tg yr�1).
[39] Continental and ocean basin calculations suggest that

humans have outstripped natural processes as a source of
DIP to the coast on the majority of continents and ocean
basins (Figure 6). However, natural DIP sources still out-

Figure 5. Dominant source of DIP by watershed for exoreic basins. ‘‘Dominant source’’ is defined as
the modeled source that NEWS-DIP predicts contributes the largest fraction of DIP to the coast. For the
sake of clarity, only delineations for basins containing more than 10 half-degree grid cells are shown. See
color version of this figure at back of this issue.

Figure 6. River export of DIP (Tg P yr�1) from continents
and to ocean basins. Relative influence of various P sources
are calculated according to NEWS-DIP.
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strip anthropogenic DIP sources to the Arctic Ocean, and
are approximately equal in the Atlantic Ocean. Weathering
is still the principal source of DIP in South America, Africa,
and Oceania. However, rapid economic development and
population growth within these regions mean that anthro-
pogenic DIP sources may well outstrip weathering as a
source of DIP to coastal waters within the next several
decades in these areas as well. According to NEWS-DIP, on
every continent and in every ocean basin, human sewage is
by far the largest source of anthropogenically derived
exported DIP. However, fertilizer inputs are relatively more
important in Asia and Oceania than on other continents
(Figure 6).

3.3. Sources of Uncertainty, Assumptions, and Future
Directions

[40] The NEWS-DIP model represents a significant step
forward in terms of capacity to model river DIP export at
the global scale. However, there is still much room for
model improvement. As global data sets improve, there
will be opportunities to greatly improve estimates of river
DIP export. In the following two sections, we use
patterns of model error along with model efficiency and
sensitivity analyses (Tables 4 and 5) to infer where
improvements to global data sets and model improve-
ments are likely to be most useful in enhancing DIP yield
estimates. We also examine the potential implications of
assumptions made during the model development process,
and suggest future directions in the field of global
nutrient modeling.
3.3.1. Model Efficiency and Sensitivity
[41] An analysis of model efficiency, wherein model

components were removed sequentially to evaluate the
contribution of each to model predictive capacity, sug-
gests that weathering and sewage point source sub-models
are particularly important model drivers. This analysis
suggests that consumptive water use also plays a role in
the correct determination of DIP yield by NEWS-DIP, but
that non-point source and reservoir retention terms, while
important in certain cases, are less vital in explaining DIP
yield than other model components at the global scale
(Table 4).
[42] A sensitivity analysis of NEWS-DIP in which model

inputs and coefficients were varied by ±5% in order to

evaluate model response (Table 5) suggested that the
NEWS-DIP model is fairly robust. With the exception of
the parameter D (% retention in reservoirs; equation (1)),
5% changes in all input parameters, coefficients, and all
possible combinations of coefficients result in average
changes in predicted DIP yield of less than 5%, and in
most cases substantially less. NEWS-DIP predictions are
particularly sensitive to small changes to D in highly
engineered systems such as the Rio Grande and Colorado
rivers.
[43] NEWS-DIP predictions are also fairly sensitive to

small changes in the weathering-related parameters Wmax,
R, a and b (Table 5). The weathering sub-model also plays
an important role in model efficiency (Table 4). The
NEWS-DIP weathering submodel (equation (3)) does a
reasonably good job in predicting DIP export from rela-
tively human-free systems (anthropogenic P inputs
<100 kg km�2 yr�1) (r2 of log-transformed measured
and modeled DIP yield = 0.63, r2 of load = 0.81).
However, NEWS-DIP’s sensitivity to changes in the
weathering submodel coefficients suggests that any
improvement in NEWS-DIP’s representation of weathering-
derived P is likely to improve model fit.
[44] Model efficiency analysis also suggests that con-

sumptive water use is an important component of the
NEWS-DIP model (Table 4). NEWS-DIP currently assumes
that there is no consumptive use in systems without con-
sumptive use data. This means that NEWS-DIP is likely to
overestimate DIP export from systems where there is
significant water consumption, but no consumptive use
data. This overestimate is likely to be most pronounced in
developing arid regions with irrigated agriculture.
[45] Finally, NEWS-DIP output is relatively insensitive to

removal of its non-point P source term (Table 4) and to
manipulation of non-point source input data sets (Table 5).
This suggests that inaccuracies in fertilizer and manure
input data sets have relatively minor impacts on model
predictions, especially in comparison with inaccuracies
associated with other model inputs.
3.3.2. Future Directions
[46] Taken together, model efficiency and sensitivity

analyses suggest several areas for future improvements in
NEWS-DIP. For example, model efficiency and sensitivity
analyses both suggest that point-sources are important in

Table 4. Model Efficiencies for Comparison of Log-Transformed

Measured and Model-Predicted DIP Yield, Using NEWS-DIP With

Various Components Removeda

Treatment
Model Efficiency

(R2)

Percent Change in Model
Efficiency Resulting
From Component

Removal

Complete model 0.51 0
No sewage point sources �0.16 �136
No weathering �2.25 �539
No consumptive use 0.45 �11
No reservoir retention 0.53 +3
No non-point sources 0.50 �0.7

aOnly results using validation basins are included here, but similar
patterns hold for analyses of calibration data and of all available data.

Table 5. Results of a Sensitivity Analysis Indicating Mean and

Maximum Change in Predicted DIP Yield as a Function of

Increasing Input Data Sets and Model Parameters by +5%

Parameter or Input
Mean Change in

Predicted DIP, kg km�2 yr�1, %

Percent retention in reservoirs 6.27
Wmax 4.49
Runoff, m 3.00
Population density, indiv./km2 2.97
Per Capita P, kg/indiv./yr 2.97
a 1.88
Fertilizer P 0.12
Lmax 0.15
b 0.10
Manure P 0.03
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driving predictions of DIP export (Table 4). Though the
NEWS-DIP approach represents a significant enhancement
over past estimate techniques, there is still much room for
improvement in estimates of global P-excretion, sewage
connectivity, and sewage treatment. Including data on P-
based detergent use may also improve estimates of point
source P inputs.
[47] Model efficiency and sensitivity analyses also sug-

gest that NEWS-DIP predictions are sensitive to estimates
of weathering (Tables 4 and 5). In future DIP export models,
it may be possible to reduce uncertainty in estimates of
weathering rates by refining the NEWS-DIP sub-model for
predicting weathering-derived P (equation (3)) through the
inclusion of factors thought to influence weathering rates
such as temperature, soil type, soil parent material, and pH
as improved global data sets become available.
[48] NEWS-DIP predictions are also quite sensitive to

small changes in the retention term D (equation (1); Table 5),
particularly in highly engineered systems, and DIP retention
is one of the most poorly constrained model inputs. In future
global DIP export models it will be important to improve
representation of reservoir retention. Including DIP sinks
other than reservoirs and consumptive water use may also
improve the accuracy of future models. For example, natural
lakes and river-associated wetlands may account for signif-
icant levels of DIP retention, but are not treated explicitly by
the NEWS-DIP model. Retention on land may also consti-
tute an important DIP sink as re-use of sewage as fertilizer
(night soil), conservation tillage practices, and highly
weathered, P-deficient soils, and P-limited terrestrial (or
aquatic) ecosystems all may lead to DIP retention within
watersheds. However, terrestrial DIP retention was not
included explicitly in this version of the NEWS-DIP model
owing to a lack of sufficient input data.
[49] Though our analysis is currently limited to basins

containing more than ten 0.5 � 0.5� grid cells, this problem
will most likely be solved incrementally as increasingly
reliable, finer resolution spatial data sets of model-drivers
become available. In the United States, where finer-scale
data on land-use and watershed delineations are available,
NEWS-DIP maintains predictive ability substantially below
the threshold created by the resolution of STN30 and other
0.5� global data sets. For example, NEWS-DIP explained
56% of the variability in DIP yield and 62% of the
variability in DIP load from 327 small (<20,000 km2;
approximately equal to 10 half-degree grid cells at midlat-
itudes) USGS-monitored basins when finer resolution input
data were used [Alexander et al., 1996]. However, NEWS-
DIP only explained 23% of the variability in DIP yield
and 34% of the variability in DIP load from small
(<20,000 km2) basins when 0.5 � 0.5� global input data
sets were used. This suggests that some of the uncertainty
associated with NEWS-DIP predictions is due to the limited
resolution of input data sets. With improved resolution and
quality of input and validation data sets and the develop-
ment of hydrological models that route water and materials
downstream through river networks, it will become possible
to improve the spatial resolution of DIP export models. This
improved input and validation data will likely improve
model fit significantly. Higher resolution validation data

and the development of sub-basin-scale models will facil-
itate the enhanced representation of DIP retention as well as
the inclusion of interactions between elements and elemen-
tal forms. Also, as improved temporal resolution data sets of
runoff and land-use become available, it will be possible to
use NEWS-DIP to examine sub-annual patterns of DIP
export. Incorporating such sub-basin spatial and sub-annual
temporal variability into global DIP export modeling efforts
will constitute significant advances in understanding of the
global P cycle and effects. However, for now, NEWS-DIP
represents a significant advancement in its own right as the
first spatially explicit, global DIP export model with the
capacity to attribute DIP to natural and anthropogenic
sources.

Appendix A

[50] Table A1 includes data used in NEWS-DIP calibra-
tion and validation as well as NEEWS-DIP predictions.
Columns include river names, continents, watershed area
(km2), annual runoff (m), DIP concentrations (mg P L�1),
sources of concentration and discharge data, basin popula-
tion density, rates of per capita P excretion (kg P individ-
ual�1 yr�1), manure P production (kg P ha�1 yr�1), and
inorganic fertilizer P application (kg P ha�1 yr�1), and
model-predicted DIP yield (kg P km�2 yr�1).

Notation

[51] The following is a list of variables and their defi-
nitions for NEWS-DIP model.

DIP DIP yield, kg P km�2 yr�1.
DIPpoint source DIP yield from point sources, kg P km�2

yr�1.
DIPweathering DIP yield from natural weathering sources,

kg P km�2 yr�1.
DIPfertilizer DIP yield from inorganic P fertilizer, kg P

km�2 yr�1.
DIPmanure DIP yield from livestock manure, kg P

km�2 yr�1.
Qact Measured discharge after dam construction,

km3 H2O yr�1.
Qnat Measured discharge prior to dam construc-

tion, km3 H2O yr�1.
D Fraction DIP retained in reservoirs (0–1).
H Human population density, individuals

km�2.
Ecap Per capita DIP yield, kg P individual�1

yr�1.
R Runoff, m H2O yr�1.
a Unit-less coefficient defining how non-

point DIP and weathered DIP respond to
runoff; for NEWS-DIP set equal to 0.6.

b Unit-less coefficient defining how non-
point DIP and weathered DIP respond to
runoff; for NEWS-DIP set equal to 2.

Wmax Maximum DIP yield due to weathering
alone (kg P km�2 yr�1); for NEWS-DIP set
equal to 12.
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Table A1. Data for NEWS-DIP Calibration and Validation Rivers

River Continent

Basin
Area,
km2

Runoff,
m yr�1

DIP,
mg P L�1 Sourcea

Population,
indiv.
km�2

Per Capita P,
kg P indiv.�1

yr�1

Manure P,
kg P ha�1

yr�1

Inorg.
Fert. P,

kg P ha�1

yr�1

NEWS-DIP,
kg P km�2

yr�1

Alabama North America 114789 0.604 0.010 3 14.91 0.35 2.45 1.02 21.22
Altamaha North America 36260 0.353 0.026 5 34.24 0.37 3.44 2.18 15.69
Amazon South America 6112000 1.078 0.022 6 4.31 0.29 0.56 0.04 17.29
Amguema Asia 29600 0.311 0.012 1 0.00 0.28 0.00 0.00 3.08
Amur Asia 1855000 0.185 0.021 1 34.88 0.23 2.15 2.05 8.92
Anabar Asia 79000 0.172 0.002 2 0.00 0.46 0.00 0.00 1.00
Apalachicola Bay North America 51451 0.568 0.006 3 56.99 0.34 1.76 1.14 5.74
Balsas North America 112000 0.125 0.095 1 165.19 0.35 4.89 0.06 10.65
Barito Asia 66000 1.315 0.005 1 24.07 0.13 0.00 0.00 24.64
Bug Europe 63700 0.053 0.097 1 64.54 0.32 2.85 0.01 22.99
Cauweri Asia 88000 0.238 0.100 1 347.36 0.05 7.99 2.38 8.61
Chao Phrya Asia 111435 0.249 0.026 1 97.70 0.14 4.23 2.77 10.94
Chiang Jiang Asia 1808000 0.513 0.020 7 219.72 0.07 9.01 6.25 16.34
Churchill (Hud.) North America 298000 0.134 0.006 1 0.14 0.33 0.28 0.22 0.07
Colorado (Ari.) North America 639000 0.029 0.100 5 11.47 0.40 0.25 0.30 0.00
Columbia North America 669000 0.353 0.014 5 7.84 0.35 1.30 1.07 1.12
Connecticut North America 25019 0.679 0.030 5 95.37 0.40 0.05 0.15 28.81
Dalalven Europe 25000 0.608 0.002 1 11.31 0.19 0.00 0.00 6.63
Danube Europe 805000 0.252 0.183 8 103.08 0.18 5.52 1.83 30.21
Daugava Europe 87900 0.229 0.037 1 34.32 0.29 2.24 0.00 12.07
Dnepr Europe 504000 0.106 0.036 1 63.74 0.31 3.10 0.06 2.96
Dnestr Europe 72100 0.148 0.056 1 100.18 0.28 2.88 0.00 4.90
Don Europe 422000 0.067 0.042 1 47.41 0.36 3.89 0.00 13.60
Drammenselva Europe 17000 0.606 0.002 1 28.05 0.36 0.00 0.00 13.68
Eastmain North America 46400 0.619 0.022 1 0.00 0.29 0.00 0.00 1.72
Ebro Europe 84000 0.217 0.115 4 39.62 0.42 7.00 3.12 2.34
Elbe Europe 146000 0.162 0.390 1 162.18 0.39 10.87 2.59 63.94
Evros Europe 55000 0.124 0.280 4 68.88 0.30 3.05 1.30 19.49
Fraser North America 220000 0.518 0.050 1 7.78 0.35 0.71 0.41 1.36
Fuchun Jiang Asia 54349 0.686 0.046 1 433.46 0.08 6.63 5.54 56.37
Gambia Africa 42000 0.117 0.015 1 19.19 0.29 2.29 �0.02 5.14
Ganges Asia 1050000 0.470 0.075 1 266.50 0.09 7.48 1.52 25.13
Garonne Europe 55000 0.313 0.104 1 57.56 0.47 6.89 2.04 31.24
Glama Europe 41200 0.558 0.008 1 31.08 0.34 0.00 0.00 16.06
Grijalva North America 36400 0.632 0.085 1 62.30 0.41 3.13 0.33 5.04
Guadiana Europe 72000 0.125 0.057 1 26.53 0.37 5.52 3.45 10.84
Hunter Australia 21411 0.022 0.062 3 5.74 0.63 0.70 0.27 0.89
Huang He Asia 752000 0.055 0.020 1 138.05 0.08 2.89 2.81 1.68
Hudson North America 34700 0.565 0.060 8 154.37 0.40 0.69 0.21 39.10
Indigirka Asia 305000 0.176 0.010 2 0.02 0.41 0.00 0.00 1.01
Indus Asia 916000 0.098 0.520 1 142.33 0.11 3.66 1.78 6.06
Kamchatka Asia 55900 0.592 0.075 1 0.93 0.34 0.00 0.00 8.77
Khatanga Asia 364000 0.277 0.006 1 0.81 0.38 0.00 0.00 2.12
Klamath North America 31339 0.517 0.027 5 5.29 0.33 0.24 0.85 9.90
Kolyma Asia 526000 0.243 0.010 2 0.01 0.47 0.00 0.00 1.11
Kuban Europe 57900 0.235 0.030 1 56.06 0.41 2.11 0.00 25.88
Kymjoki Europe 37200 0.257 0.010 1 18.09 0.11 1.71 1.08 3.85
Lena Asia 2430000 0.219 0.007 2 0.97 0.38 0.02 0.00 1.93
Liao Asia 219000 0.074 0.053 1 122.86 0.09 4.01 4.22 6.35
Loire Europe 112000 0.254 0.090 1 69.48 0.47 13.47 6.15 30.95
Luan Asia 54000 0.078 0.012 1 119.93 0.06 2.49 2.50 9.85
MacKensie North America 1787000 0.175 0.004 1 0.16 0.31 0.06 0.03 0.99
Magdalena South America 235000 1.009 0.120 1 73.44 0.36 6.70 0.64 40.41
Mahanadi Asia 52094 0.972 0.038 3 174.69 0.16 11.06 2.39 14.35
Meuse Europe 29000 0.352 0.230 1 281.99 0.81 25.40 3.46 158.77
Mezen Europe 56000 0.495 0.027 2 2.25 0.49 0.00 0.00 5.35
Mississippi North America 2916081 0.199 0.085 5 19.99 0.35 5.70 3.36 6.64
Murray Australia 1060000 0.022 0.024 1 0.95 0.43 2.45 0.50 0.28
Musi Asia 56700 1.418 0.030 1 68.73 0.12 3.21 1.13 42.51
N. Dvina Europe 348000 0.302 0.039 1 4.30 0.38 0.55 0.08 5.65
Nadym Asia 48000 0.400 0.154 2 2.00 0.44 0.00 0.00 3.64
Nelson North America 1132000 0.074 0.004 1 4.30 0.32 2.31 1.61 0.28
Nemanus Europe 98200 0.200 0.046 1 39.46 0.29 7.08 0.54 9.42
Neva Europe 282000 0.278 0.030 1 27.38 0.33 0.36 0.00 4.19
Ob Europe 2950000 0.137 0.072 2 8.40 0.34 1.24 0.03 3.79
Odra Europe 112000 0.163 0.370 1 118.81 0.31 8.04 3.50 32.61
Olenek Asia 198000 0.174 0.008 2 0.05 0.42 0.00 0.00 0.96
Onega Europe 12000 1.317 0.009 2 2.90 1.78 0.91 0.21 19.78
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Lmax Maximum fraction of applied manure and
fertilizer P lost to coastal zone as DIP; for
NEWS-DIP set equal to 0.07.

Pfert P applied to watersheds as inorganic
fertilizer, kg P km�2 yr�1.

Pam P applied to watersheds as manure, kg P
km�2 yr�1.

%Dev Percent deviation from the 1:1 line (0–
100).

Bas Number of distinct watersheds in analysis.
Rt Change in water residence time due to dam

construction, days.
T Fraction of P from human sewage removed

via wastewater treatment (0–1).
I Fraction of a watershed’s population con-

nected to sewage systems (0–1).

Pem Gross human P emission, kg P person�1

yr�1.
GDP Gross Domestic Product, 1995 dollars yr�1.

U Fraction of the population that is urban
(0–1).

Su Fraction of urban population with access to
‘‘improved sanitation’’ (0–1).

Fmech Fraction of each country’s sewage that has
mechanical treatment (0–1).

Fbiol Fraction of each country’s sewage that has
biological treatment (0–1).

Fadv Fraction of each country’s sewage that has
advanced treatment (0–1).

[52] Acknowledgments. We are grateful to UNESCO-IOC, the U.S.
National Science Foundation, NOAA, and New Jersey Sea Grant

River Continent

Basin
Area,
km2

Runoff,
m yr�1

DIP,
mg P L�1 Sourcea

Population,
indiv.
km�2

Per Capita P,
kg P indiv.�1

yr�1

Manure P,
kg P ha�1

yr�1

Inorg.
Fert. P,

kg P ha�1

yr�1

NEWS-DIP,
kg P km�2

yr�1

Orinocco South America 1100000 1.032 0.010 1 9.98 0.36 1.74 0.11 4.14
Panuco North America 66300 0.261 0.016 1 70.32 0.44 2.87 0.18 35.01
Paraiba Do Sul South America 57000 0.537 0.010 1 78.38 0.36 5.82 0.82 14.07
Parana South America 2783000 0.204 0.045 1 21.08 0.33 4.02 0.34 1.62
Pechora Europe 312000 0.413 0.035 2 3.22 0.37 0.01 0.00 5.94
Peel North America 71000 0.345 0.006 1 0.00 0.35 0.00 0.00 3.68
Penzhina Asia 71600 0.317 0.021 1 0.78 0.44 0.00 0.00 3.23
Po Europe 70000 0.657 0.075 1 211.07 0.44 7.46 7.07 77.18
Potomac North America 29966 0.367 0.031 5 82.71 0.41 3.78 1.56 56.17
Purari Asia 30580 2.751 0.002 1 8.18 0.08 0.41 0.00 25.14
Rhine Europe 224000 0.310 0.400 1 284.47 0.29 15.59 2.98 119.32
Rhone Europe 95600 0.627 0.101 4 97.39 0.45 5.29 2.41 44.61
Rio Grande (U.S.) North America 456702 0.039 0.021 5 13.19 0.56 0.97 0.17 0.02
Rufiji Africa 178000 0.198 0.010 1 21.63 0.10 0.45 0.00 3.56
Sacramento North America 70000 0.293 0.030 1 14.94 0.27 2.03 1.09 2.29
Saint Lawrence North America 1025000 0.330 0.046 8 55.63 0.33 1.49 1.09 3.89
Sakarya Asia 55300 0.106 0.160 1 76.85 0.34 5.00 3.54 19.67
Scheldt Europe 11400 0.526 0.810 1 383.34 0.95 27.71 4.83 39.20
Seine Europe 78600 0.201 0.400 1 205.07 0.42 9.28 4.62 97.86
Severnaya Dvina Europe 348000 0.303 0.023 2 4.30 0.38 0.55 0.08 5.42
Seyhan Asia 19300 0.249 0.010 1 65.01 0.42 1.31 1.30 4.21
Skagit Europe 8011 1.872 0.012 5 56.89 0.82 3.65 1.30 22.32
Stikine North America 51593 0.979 0.018 5 0.00 0.32 0.00 0.00 19.88
Susquehanna North America 71000 0.532 0.010 5 61.65 0.31 1.32 0.68 22.98
Swan Canning Australia 126021 0.010 0.060 3 5.97 0.58 0.58 0.29 2.20
Tana Europe 42000 0.113 0.040 1 52.69 0.31 8.20 0.44 4.88
Tejo Europe 76200 0.207 0.148 1 91.21 0.39 6.43 3.71 9.00
Tocantins South America 757000 0.491 0.003 1 4.50 0.33 1.93 0.36 1.35
Tornionjoki Europe 39500 0.300 0.004 1 0.99 0.15 0.00 0.00 2.71
Tugela Africa 30112 0.037 0.051 3 11.40 0.10 0.04 0.00 0.85
Uruguay South America 240000 0.604 0.037 1 20.24 0.60 7.47 1.13 2.81
Ususmacinta North America 47700 1.164 0.085 1 24.66 0.34 2.00 0.57 27.67
Volga Europe 1350000 0.190 0.011 8 40.36 0.41 2.71 0.01 2.39
Weser Europe 45800 0.247 0.370 1 190.07 0.40 19.98 3.53 75.74
Wisla Europe 198000 0.172 0.210 1 131.88 0.26 7.26 3.04 36.98
Yana Europe 224000 0.137 0.009 2 0.00 0.37 0.00 0.00 0.71
Yenisey Asia 2440000 0.237 0.010 2 36.33 0.36 1.50 1.00 1.14
Yesil Asia 35960 0.158 0.080 1 58.98 0.41 2.96 2.00 8.44
Yukon North America 849000 0.237 0.010 1 0.09 0.33 0.00 0.00 1.91
Zaire Africa 3698000 0.324 0.024 1 13.08 0.07 0.29 0.00 4.38
Zambezi Africa 1330000 0.080 0.010 1 17.79 0.12 0.65 0.05 0.37
Zhujiang Asia 437000 0.831 0.003 9 185.76 0.06 10.81 7.66 25.88

aSources for DIP and runoff data: 1, Meybeck and Ragu [1996]; 2, Holmes et al. [2000]; 3, Smith et al. [2003]; 4, United Nations Environment
Programme–Mediterranean Action Plan [2003]; 5, Alexander et al. [1996]; 6, Marengo and Victoria [1998]; 7, Yan and Zhang [2003]; 8, Caraco [1995];
9, Zhang et al. [1999]. For sources of P inputs, see Table 2.

Table A1. (continued)
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Figure 3. NEWS-DIP predicted DIP yield by watershed (kg P km�2 yr�1) for exoreic basins. White
basins are either endoreic or had no predicted DIP export. For the sake of clarity, only delineations for
basins containing more than 10 half-degree grid cells are shown.

Figure 4. NEWS-DIP predicted DIP load by watershed (Mg P basin�1 yr�1) for exoreic basins. For the
sake of clarity, only delineations for basins containing more than 10 half-degree grid cells are shown.
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Figure 5. Dominant source of DIP by watershed for exoreic basins. ‘‘Dominant source’’ is defined as
the modeled source that NEWS-DIP predicts contributes the largest fraction of DIP to the coast. For the
sake of clarity, only delineations for basins containing more than 10 half-degree grid cells are shown.

GB4S03 HARRISON ET AL.: A GLOBAL MODEL OF RIVER DIP EXPORT GB4S03

9 of 15


