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[1] We compared four global data sets for the year 1995 for nonpoint N sources with 0.5�
by 0.5� spatial resolution. Data were developed to drive models for assessing the
river export of nitrogen (N) at the global scale. The data include annual N inputs
(biological N fixation, atmospheric N deposition, N fertilizer, animal manure, and human
emissions) and outputs (ammonia volatilization and N removed from agricultural fields
by harvesting crops and grass consumption). There are important differences at the
global, regional, country, and river-basin scales for all input and output terms in the
data sets. The main differences are in the rates and the spatial allocation for biological
N fixation and atmospheric N deposition, animal manure inputs and management, and
N in harvested crops and grass consumption. Inputs of N fertilizer in agricultural systems
are relatively well known at the country scale (and subnational scale for some large
countries), but their spatial allocation also shows major differences between the four data
sets. The level of disagreement between the different data sets increases with
decreasing river basin size, which is related to the difficulty of spatial allocation when
river basins cover only a few grid cells. Transport efficiencies to calculate river N export
from the N surplus obtained from a regression approach and from a meta model
derived from a conceptual model are in good agreement when aggregated to continents
and receiving oceans.
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1. Introduction

[2] Global river nitrogen (N) export to coastal oceans has
doubled in the twentieth century [Vitousek et al., 1997].
This has caused eutrophication of many coastal and estua-
rine ecosystems leading to chronic hypoxia, reductions
in species diversity, and stressed fisheries resources
[Vollenweider et al., 1992]. The large increases of N inputs
to surface water related to food production and human waste
that are expected to occur globally in the twenty-first
century [Galloway et al., 2004] have induced many research
groups to investigate N transport in large watersheds and
export to coastal marine ecosystems [Howarth et al., 1996;
Seitzinger and Kroeze, 1998; Garnier et al., 2001; Boyer et
al., 2002; Garnier et al., 2002; Seitzinger et al., 2002;

Galloway et al., 2004; Green et al., 2004; Bouwman et al.,
2005a].
[3] Common in all these approaches is the development

of models to describe the N inputs from nonpoint and point
sources and to estimate the fate of the N in the hydrological
systems up to the river mouth. Point sources are primarily
associated with sewage effluents, including human emis-
sions and wastewater from industrial activities, and gener-
ally located in urban areas. Nonpoint sources comprise all
N entering the surface water system in a diffuse manner and
are associated with agricultural land use, households, and
(semi-)natural ecosystems.
[4] Most global models concentrate on the mean annual

riverine export from large river basins to the coastal sea.
Some regional-scale models have been compared by
Alexander et al. [2002]. Our study was part of an interna-
tional interdisciplinary effort to model river export of
multiple bioactive elements (C, N, P, and Si) and elemental
forms (dissolved/particulate, inorganic/organic) called
Global Nutrient Export from Watersheds (Global NEWS).
We focus on the global-scale N input data and models that
have been developed in the framework of this project.
[5] Specifically, we present and analyze the inputs and

output terms used for estimating the N surface balance for
the base year 1995, and their spatial distribution for the
nonpoint sources of N, comparing global data sets devel-
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oped by Bouwman et al. [2005a], Boyer et al. [2004], Green
et al. [2004], and Siebert [2005]. Data provided by
Bouwman et al. [2005a], Green et al. [2004], and Siebert
[2005] allow for making up surface balances for the
nonpoint sources of N, while Boyer et al. [2004] estimate
the amount of ‘‘new’’ N that is fixed and added to the global
terrestrial system by anthropogenic activities. The data used
in this paper have a spatial resolution of 0.5� by 0.5�.
[6] The input terms in the surface balance for the non-

point sources are N fertilizer, animal manure N, biological
N fixation, and atmospheric N deposition. The estimation
and spatial allocation of each of these categories involves
specific problems and uncertainties.
[7] The data on N fertilizer use are much more certain

than those for the other N inputs. However, the spatial
allocation of fertilizer use in agricultural production systems
at the subnational scale is much more difficult than obtain-
ing estimates at the country, regional, or global scale
[Bouwman et al., 1999]. An additional problem is that in
many parts of the world, primarily in developing countries,
a considerable part of the cultivated area does not receive
inputs from N fertilizers [Bouwman et al., 2002b] and a
minor part is intensively cultivated with high fertilizer
inputs.
[8] The inputs of animal manure are less certain than N

fertilizer use, because the estimation of the production of
animal manure and its use involves several steps, each adding
more uncertainty. The manure production is estimated from
the animal populations and N excretion rates by animal
category, management of the manure in different systems,
and associated ammonia (NH3) volatilization in each system.
The spatial allocation of animal manure in the various
management systems is an additional, major cause of uncer-
tainty [Bouwman et al., 1999].
[9] For the other input terms, both the quantification and

the allocation are fraught with uncertainties. N fixation rates
in both natural and agricultural systems are difficult to
quantify, their controls are poorly known, and they vary
strongly due to heterogeneity of the environmental and
management conditions [Vitousek et al., 2002]. Also, N
fixation rates may change in time due to succession, and
fixation rates may be much lower in mature forests than in
growing secondary forests [Vitousek et al., 1988, 1989].
[10] Atmospheric N deposition rates are generally

obtained from coarse-resolution chemistry-transport models
(CTM) that are driven by emission inventories that may not
be consistent with the land cover and land use data used to
compile the data sets for which the deposition fields were
made. In addition, it is difficult to generate estimates for
short-range deposition. Deposition velocities strongly de-
pend on the surface roughness, which varies strongly within
grids of these CTMs. There is a lack of measurements of
deposition rates in many parts of the world, and finally, the
validation of coarse-scale models with point measurements
involves serious scaling problems [Bouwman et al., 1997].
[11] The output terms of the surface balance used by the

different data sets include NH3 volatilization and export of
N from the field in the form of harvested products and
grazing. The uncertainties of estimates for NH3 volatiliza-
tion are discussed in detail by Bouwman et al. [1997,

2002a]. Crop production data by country are readily avail-
able from statistics. However, the main uncertainty in
estimating crop export is the N content of crops, which
depends on a host of factors including the crop variety used,
climate, soil fertility, crop yields, and management. All
these factors are strongly variable under field conditions.
Further uncertainties are related to the use of crop residues
(incorporation, field burning, fuel, animal feed, etc.), for
which no statistics are available. For the category of fodder
crops, there are no production data available, and we do not
have reliable global data on grazing by ruminants, and their
grass and N uptake.
[12] Given all these uncertainties, it is clear that it is not

possible to select the ‘‘best’’ set of data. Moreover, the
different data sets rely on the same data sources for most of
the input and output terms, the major difference being the
spatial allocation. Therefore, by comparing the data, we
may identify the strengths and weaknesses of different
approaches and underlying data.
[13] Since the comparison involves many N input and

output terms of the surface balance, and because we also
analyze effects of differences in the spatial allocation of the
different N balance terms, it is not possible to do a
sensitivity analysis. Instead, we will first compare the
differences in the estimates of the surface balance and
individual N input and output terms, and their spatial
allocation on the global, regional, country, and river-basin
scale. The latter scale is the focus of most participants of the
NEWS project [e.g., Green et al., 2004], while other models
require the grid-scale for calculating the fate of the N in the
hydrological system [Van Drecht et al., 2003].
[14] We will also investigate the effect of model differ-

ences. We use a meta version of the model developed by
Van Drecht et al. [2003] and compare this model in terms of
transport efficiencies with those of Green et al. [2004] at the
global and continental scale. Finally, river N export will be
estimated using this meta model to investigate the effects of
differences in the surface balance N surplus and their spatial
allocation.

2. Data and Methods

2.1. Data Sets Used

[15] In this paper we compare the input data sets for the
nonpoint sources developed by Bouwman et al. [2005a] (the
data set implemented in the river N export model of Van
Drecht et al. [2003], referred to as BOUW), Boyer et al.
[2004] (BOYE), Green et al. [2004] (GREE), and Siebert
[2005] (SIEB) (Table 1). These data sets can be obtained
from the authors.
[16] The SIEB, BOYE, and BOUW data are part of

modeling approaches designed for scenario analysis. The
GREE data have been used to analyze historical (pre-
industrial) and contemporary river N export.
[17] The spatial resolution of the data used for this paper

is 0.5� by 0.5�, with a temporal resolution of 1 year, for this
comparison the year 1995. The N inputs considered in
BOUW, GREE, and SIEB include biological N fixation
(Nfix), atmospheric N deposition (Ndep), application of
synthetic N fertilizer (Nfert), animal manure application
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and animal N excreted during grazing (Nman), and inputs of
nonpoint human emissions to surface water (Nhumnp). Out-
puts considered include N removal from the field by crop
harvesting, cutting of hay and grass and grass consumption
by grazing ruminants (Nexp), and NH3 volatilization (Nvol).
[18] Our data comparison focuses on the N surplus of the

surface balance (Nsur), since this quantity was used in
different studies [Van Drecht et al., 2003; Green et al.,
2004; Bouwman et al., 2005a] as a basis for calculating
riverine N export. This is because all the terms used in the
surface balance are relatively well known compared to the
processes of denitrification and transport in soils, ground-
water, and surface water systems, and surface balance
surpluses generally agree fairly well with estimates obtained
from Organization for Economic Co-operation and Devel-
opment (OECD) [2001]. Nsur (kg yr

�1) is calculated for each
0.5� by 0.5� grid cell as follows:

Nsur ¼ Nfix þ Ndep þ Nfert þ Nman þ Nhumnp � Nexp � Nvol: ð1Þ

Where there are important discrepancies we will also
compare the individual input or output terms. The four
approaches are summarized in Table 1. Some aspects of the
data need to be discussed in more detail.
[19] In the BOYE data set the new reactive N inputs are

considered, including N fertilizer use, N fixation, N depo-
sition, and net trade of products. Net trade is considered to
reflect a mass balance of needs versus production and
inherently includes food production and waste. Because of
this approach, the BOYE data set cannot be used for the
comparison of the N surplus. Instead, we compare the
spatial data on N fertilizer use, biological N fixation, and
atmospheric N deposition for the different data sets.
[20] While BOUW and GREE use a static surface balance

approach, based on the assumption that there is no change
in the soil N pools, the SIEB data are generated by a
dynamic model that describes soil N pool changes. This
may cause problems in the comparison for grid cells where
net soil N depletion or accumulation is calculated. In our
comparison we assign zero values to grid cells with negative
values for Nsur.
[21] While the BOUW data are based on the assumption

that the N in waste from (rural) population not connected to
sewerage systems does not end in surface water, the GREE
data also include the nonpoint N inputs from human waste
to surface water (Nhumnp). This aspect is not considered in
the SIEB data.
[22] The four data sets are based on different spatial

distributions of land cover and land use. The SIEB, BOYE,
and GREE land cover data sets were originally developed at
a finer spatial resolution than the 0.5� by 0.5� used in this
comparison (Table 1).
[23] In all the data sets the input data for atmospheric

deposition are obtained from different atmospheric chemis-
try-transport models with a model resolution of 7.5� by 10�
(GREE), 5� by 5� (BOUW), and 5� by 3.75� (BOYE and
SIEB) (Table 1). BOUW and SIEB included short-range dry
deposition of NHx using inventories of NH3 emissions. This
subgrid dry deposition parameterization was done because
the resolution of the STOCHEM, MOGUNTIA, and TM3

models used was considered too coarse to resolve this
process. Two data sets (BOYE and SIEB) are based on
the same model, but main differences are caused by short-
range deposition (included in SIEB and ignored in BOYE)
and the smoothing (not smoothed in BOYE and smoothed
to 0.5� resolution by SIEB; see Table 1).
[24] The four data sets for biological N fixation rates were

calculated with similar methods, albeit different character-
izations of the spatial distribution of agricultural and natural
vegetation classes over which to assign the rates of biolog-
ical N fixation reported in the literature. For biological N
fixation rates in cultivated crop lands, the data sets are based
on agricultural fixation rates reported by Smil [1999] and
others (see Table 1). For natural biological N fixation rates
in noncultivated vegetated lands, the approaches are based
heavily on a recent compilation of fixation rates observed in
natural ecosystems reported by Cleveland et al. [1999].
BOUW uses biological N fixation rates by ecosystem
directly. BOYE, GREE, and SIEB use data sets where the
reported fixation rates were coupled with ecosystem process
models to constrain the estimates of natural biological N
fixation by plant biogeochemistry and the water balance.
[25] Application rates of fertilizer N are calculated from

the total fertilizer use per country in 1995 and the area of
cropland (GREE, BOYE), or by assigning data on fertilizer
use by crop and allocating these values to the respective
crop areas (BOUW, SIEB). None of the data sets provide N
application rates specific for irrigated and rainfed areas.
However, the SIEB data account for fallow and unfertilized
cultivated land (Table 1).
[26] The data on manure N from livestock excreta used by

GREE are taken from a 1� by 1� resolution data set
developed by Lerner et al. [1988]. The three other data sets
use finer grids (Table 1). Apart from the resolution used,
there are also differences related to production systems.
GREE does not distinguish between different livestock
production systems within countries. BOUW is based on
pastoral grazing and mixed/industrial livestock production
systems with differentiation of animal manure management
at the country scale. SIEB uses 1 by 1 km spatial livestock
distributions which are scaled using country and subnational
data on livestock numbers, with no specification of the
animal manure management. The N excretion rates used in
the GREE data set are generally lower than those in BOUW
and SIEB. Particularly in countries with intensive and
industrial livestock production, the GREE data may under-
estimate N excretion rates [Van der Hoek, 1998, 2001].
[27] BOUW did not include NH3 emissions from stored

manure in their surface N balance approach, arguing that
this is a point source which was excluded from the manure
N available for spreading. SIEB and GREE present the NH3

volatilization for the livestock production as a whole, and
do not deduce the N-loss from manure storage. Hence we
can safely compare the difference between total manure N
and NH3 volatilization (equation (1)) for all the data sets.
[28] The GREE data set is the only one that explicitly

represents data for human nonpoint sources of N (i.e.,
human waste effluents that enter surface water in a diffuse
manner, not via sewerage systems) (Table 1). This N source
is assumed not to end in surface water in the BOUW data,
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and it was not considered by SIEB. The approach used by
BOYE considers the net input of N from food imports,
which implicitly includes the recycling of both point and
nonpoint sources of human waste.
[29] We used the land mask with the minimum coverage

of reported Nsur, which is the GREE data set providing data
for 58,819 0.5� by 0.5� grid cells. This is to avoid
comparison of grid cells where data are not provided in
one data set, while there is coverage in the others, or where
it is not clear what is indicated by zero values (no data, or
zero). This leads to an underestimation of the BOUW,
BOYE, and SIEB inputs on the global scale, although the
difference with the full coverage data sets is very small (see
differences in tm for each data set in Tables 2 and 3).

2.2. Comparison of N Inputs and Outputs

[30] We consider different scales, including the global,
regional, country, and river basin scales. For each data set
and each scale, we computed the total mass tm (kg yr�1)
which is the sum of Nsur for all 0.5� grid cells within the
area considered,

tm ¼
X

Nsur: ð2Þ

For each one-to-one (x, y) comparison, we calculated the
Pearson correlation coefficient (r),

r ¼
X

x� xð Þ y� yð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
x� xð Þ2

X
y� yð Þ2

q ; ð3Þ

where x, y represent average of x and y, and the mass m is
the matching-mass fraction for Nsur in two data sets

calculated according to Janssen and Heuberger [1995] as
follows:

m ¼ 2
P

min x; yð ÞP
xþ yð Þ : ð4Þ

The fraction m theoretically ranges between 0 and 1.
However, m is 0.4–0.5 when one data set in a one-to-one
comparison is randomized. In our comparison, m typically
ranges between 0.5 and 0.8, where m = 0.5 indicates
absence of any agreement.
[31] The Pearson correlation coefficient (r) provides in-

formation on the differences between maps at the grid scale,
whereby large differences between maps are reflected much
more than in m. A disadvantage of r is that it yields low
values when two data sets are clustered around a small
range in both x and y direction. In that case, m may be high,
indicating a good agreement.

2.3. Comparison of River N Export Models

[32] Two river N export models are compared, i.e., the
global model developed by Van Drecht et al. [2003] and the
model developed by Green et al. [2004]. The Van Drecht et
al. [2003] model uses data on climate, soil properties, and
hydrological characteristics of the groundwater system to
describe NH3 emissions, soil denitrification and leaching of
nitrate from the root zone, N transport and denitrification in
groundwater, and N retention in river systems. The uncer-
tainty of the model results and the sensitivity to variation in
the input data is discussed by Van Drecht et al. [2003]. The
Green et al. [2004] model is a nonlinear regression model
which takes into account N delivery by soils, groundwater,
rivers, lakes, and reservoirs.

Table 2. Land Area in the Common Land Mask, Sum of Nsur (tm) for BOUW, GREE, and SIEB, and the Fraction of Total Mass of Nsur

With Match (m), and Pearson Correlation Coefficient (r) for the Three One-by-One Comparisons of the Data Sets for the World, World

Regions, and Selected Countries

Region/Country
Area,

106 Km2

BOUW
tm,

Tg yr�1

GREE
tm,

Tg yr�1

SIEB
tm,

Tg yr�1

BOUW/GREE BOUW/SIEB GREE/SIEB

m r m r m r

World 128.1 232.2 210.8 252.8 0.74 0.73 0.75 0.74 0.73 0.75
Canada 9.0 7.6 5.2 4.9 0.75 0.81 0.74 0.65 0.70 0.62
United States 9.1 20.4 16.9 19.4 0.78 0.78 0.80 0.75 0.77 0.69
Central America 2.6 5.6 4.9 8.2 0.76 0.24 0.73 0.39 0.68 0.20
South America 17.4 40.0 25.3 44.7 0.69 0.51 0.80 0.52 0.69 0.54
North Africa 5.7 5.5 4.9 2.9 0.76 0.77 0.54 0.84 0.65 0.87
Western Africa 11.2 22.0 17.2 24.9 0.69 0.41 0.78 0.76 0.64 0.55
Eastern Africa 5.8 10.1 7.8 14.1 0.70 0.25 0.74 0.63 0.63 0.26
Southern Africa 6.7 10.6 10.8 15.0 0.65 0.27 0.71 0.56 0.72 0.26
Western Europe 3.5 12.2 12.7 13.3 0.81 0.79 0.67 0.53 0.74 0.69
Eastern Europe 1.1 3.7 4.4 2.5 0.85 0.36 0.73 0.06 0.66 �0.14
Former USSR 21.6 20.1 16.8 15.1 0.76 0.72 0.74 0.69 0.73 0.68
Middle East 5.8 6.5 6.6 6.0 0.79 0.50 0.74 0.40 0.77 0.52
South Asia 5.0 21.8 24.2 27.3 0.88 0.87 0.85 0.83 0.84 0.76
East Asia 11.0 24.3 33.4 29.5 0.70 0.64 0.70 0.62 0.78 0.80
Southeast Asia 4.1 12.2 9.6 11.5 0.77 0.25 0.79 0.47 0.70 0.13
Oceania 8.1 8.5 9.3 12.4 0.64 0.24 0.64 0.40 0.62 0.31
Japan 0.3 1.1 0.9 1.3 0.81 0.33 0.80 0.49 0.75 0.39
Australia 7.5 6.9 7.8 10.0 0.63 0.06 0.62 0.37 0.62 0.22
Brazil 8.4 24.1 13.2 24.2 0.68 0.05 0.82 0.08 0.70 0.20
India 3.2 16.3 17.9 20.5 0.90 0.80 0.85 0.67 0.85 0.60
China 9.2 23.3 31.2 26.9 0.70 0.61 0.71 0.61 0.79 0.79
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[33] Both models are lumped in space (0.5� by 0.5� grid
cell) and time (annual time step) and produce estimates of
total N (Ntot) in surface water from point sources and
nonpoint sources. Total N includes nitrate, nitrite, ammonia,
and dissolved and particulate organic N. We ignore the
inputs from point sources to surface water. We use a meta
version of the Van Drecht et al. [2003] model, representing
the transport efficiency, which is the ratio of the Ntot export
at the river mouth: tm. For the Green et al. [2004] model,
we use reported transport efficiencies. The models are
compared for continents and receiving oceans. The meta
version of the Van Drecht et al. [2003] model is also used to
compute river N export for the three data sets of Nsur

(BOUW, GREE, and SIEB).

3. Results and Discussion

3.1. Global Scale

[34] The distribution of Nsur for the BOUW, GREE, and
SIEB data sets suggests that the global and continental
patterns differ (Figure 1), while the global calculated sums
of Nsur (tm) for the three data sets are similar (Figure 2;
Table 2). The matching mass m of Nsur is between 73 and
75%, indicating a fairly good agreement between the three

data sets at the global scale (Table 2). This is confirmed by
the r values for the three one-to-one comparisons with
values of 0.73 to 0.75. However, there are major differences
in the estimates of inputs and outputs.
[35] Perhaps the major disagreement is that both the sum

of all N inputs and that of N outputs of the GREE data set
are about 20% lower than the corresponding sums of the
BOUW and SIEB data, and this reflects lower estimates for
Ndep and Nfix for the inputs and Nexp and Nvol for the output
terms (Table 3). There are also important differences in
individual terms between BOUWand SIEB. Ndep of SIEB is
15% lower than BOUW, while Nfix of SIEB exceeds that of
BOUW by 16% (Table 3).
[36] The BOUW data indicate higher Nsur values than the

other two data sets in northern latitudes, which is caused by
higher estimates for N deposition rates in these regions. The
atmospheric N deposition rates used by BOUW are consis-
tently higher than those in GREE (Figure 3). For most parts
of the world the BOUW Ndep estimates also exceed those of
BOYE and SIEB.
[37] A remarkable feature is that there is disagreement

about atmospheric N deposition between BOYE and SIEB
(Table 3, Figure 3), even though the same original data were
used (Table 1). These differences are caused by smoothing

Table 3. Total N Inputs From Atmospheric N Deposition (Ndep), Biological N Fixation (Nfix), N Fertilizer (Nfert), and Animal Manure

(Nman), and Outputs (Crop and Grass Harvest and Grazing, Nexp, and Ammonia Volatilization, Nvol) and Total Mass (tm) for Selected

World Regionsa

Source Region Ndep Nfix Nfert Nman Nhumnp

Total
N Input Nvol Nexp

Total
N Output tmb

BOUW World 80.8 138.0 82.9 81.5 0.0 383.2 31.6 115.1 146.7 236.5
GREE World 43.4 110.2 78.3 81.5 15.3 328.7 35.8 79.4 115.2 213.5
SIEB World 68.6 160.1 72.3 107.7 . . . 408.7 40.4 109.0 149.4 260.8
BOYE World 60.3 133.4 81.1 . . . . . . . . . . . . . . . . . . . . .
BOUW Canada 2.2 5.1 2.0 0.9 0.0 10.2 0.4 1.9 2.3 7.9
GREE Canada 1.8 2.5 1.6 0.8 0.0 6.8 0.4 1.1 1.5 5.3
SIEB Canada 1.1 4.1 1.3 0.9 . . . 7.4 0.4 1.8 2.3 5.2
BOYE Canada 1.2 7.3 1.6 . . . . . . . . . . . . . . . . . . . . .
BOUW South America 9.5 30.0 3.1 14.5 0.0 57.1 3.3 13.6 16.9 40.2
GREE South America 4.8 20.7 2.3 10.2 0.5 38.6 3.8 9.3 13.1 25.5
SIEB South America 7.7 34.5 2.6 15.5 . . . 60.3 4.6 10.6 15.2 45.2
BOYE South America 6.9 25.9 3.8 . . . . . . . . . . . . . . . . . . . . .
BOUW North Africa 1.2 4.3 0.9 1.1 0.0 7.5 0.5 1.5 2.0 5.6
GREE North Africa 0.7 3.0 1.2 0.8 0.3 6.1 0.4 0.7 1.1 4.9
SIEB North Africa 1.1 1.0 0.8 1.3 . . . 4.3 0.4 1.0 1.3 3.0
BOYE North Africa 0.8 2.3 1.2 . . . . . . . . . . . . . . . . . . . . .
BOUW Eastern Europe 2.1 1.2 2.1 1.9 0.0 7.2 0.5 2.9 3.4 3.7
GREE Eastern Europe 1.3 1.2 2.0 2.3 0.3 7.1 1.0 1.7 2.7 4.4
SIEB Eastern Europe 1.8 2.1 1.8 2.5 . . . 8.2 0.8 4.8 5.7 2.6
BOYE Eastern Europe 1.6 1.2 2.0 . . . . . . . . . . . . . . . . . . . . .
BOUW Former USSR 10.1 10.5 2.6 6.4 0.0 29.6 1.6 7.7 9.3 20.3
GREE Former USSR 5.6 9.0 2.6 8.5 0.6 26.3 3.2 6.2 9.4 16.9
SIEB Former USSR 6.7 9.1 4.5 7.9 . . . 28.2 2.7 10.2 12.9 15.5
BOYE Former USSR 6.7 16.4 2.6 . . . . . . . . . . . . . . . . . . . . .
BOUW East Asia 12.3 8.5 24.4 10.9 0.0 56.1 7.8 23.9 31.6 24.5
GREE East Asia 5.9 7.9 24.3 11.8 4.5 54.3 6.3 14.3 20.6 33.7
SIEB East Asia 11.9 6.8 21.5 14.4 . . . 54.6 9.8 14.9 24.7 30.1
BOYE East Asia 9.7 10.1 23.9 . . . . . . . . . . . . . . . . . . . . .
BOUW Oceania 1.6 7.1 2.0 3.4 0.0 14.1 0.8 4.4 5.2 8.9
GREE Oceania 0.7 7.9 0.8 3.1 0.0 12.6 1.1 2.1 3.2 9.4
SIEB Oceania 1.2 10.4 0.6 4.0 . . . 16.3 1.1 2.1 3.2 13.1
BOYE Oceania 0.9 8.8 0.8 . . . . . . . . . . . . . . . . . . . . .

aUnits are N in Tg yr�1.
bNumbers for tm may differ from those in Table 2 because here the original land mask of each data set was used here in combination with that of

IMAGE-team [2001]. Data in Table 2 are based on the common land mask.
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of the spatial patterns in the maps (by SIEB and not in
BOYE). Further differences arise from the representation of
short-range transport (dry deposition) of NHx in BOUWand
SIEB, while this process is not included in BOYE and
GREE (Table 1).

[38] The SIEB and GREE data indicate much lower
Nsur values than BOUW in desert regions in Africa, Asia,
and Australia (Figure 1). Low values of Nsur for deserts
in SIEB and GREEN are caused mainly by the calcula-
tion routine of Nfix based on evapo-transpiration (SIEB)

Figure 1. Global spatial distribution of Nsur for the (a) BOUW, (b) GREE, and (c) SIEB data
sets.
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and potential rates (GREE). BOUW is based on ecosys-
tem-specific median values for different ecosystems and
ignoring spatial differences in climate and net primary
production in BOUW leads to discrepancies with the
other two data sets (Figure 4).

[39] The differences in N fertilizer use between SIEB and
BOUW on the one hand and BOYE and GREE on the other
hand are related to differences in the statistical data used.
The GREE and BOYE data sets use country data on total N
fertilizer use (Table 1). In contrast, BOUW (country data)

Figure 2. Comparison of grid values of Nsur for (left) GREEN (x) and BOUW (y), (middle) SIEB (x)
and BOUW (y), and (right) GREEN (x) and SIEB (y) for the world and selected world regions. Both
horizontal and vertical axes have a logarithmic scale.

Figure 2. (continued)
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and SIEB (aggregates for 17 world regions) use the expert
estimates for fertilizer use by crop from Food and Agricul-
ture Organization of the United Nations (FAO)/International
Fertilizer Industry Association (IFA)/International Fertilizer
Development Center (IFDC) [2003] for about 90 countries.
BOUW complemented these data with the N fertilizer use by
country of FAO [2001].
[40] The country totals for N fertilizer use calculated from

FAO/IFA/IFDC [2003] may for some countries disagree with
the country statistics of FAO [2003], and the combination of
the estimated N application rates with crop acreages from
a different source may create further discrepancies. For
example, the N fertilizer use of SIEB for the former USSR
exceeds that given by FAO [2003], and the global total
N fertilizer use is underestimated by SIEB. For North
Africa, both SIEB and BOUW underestimate N fertilizer
use compared to FAO statistics [FAO, 2001, 2003]. It should
be noted that there is also disagreement between BOYE and
GREE (both based on data for countries) about N fertilizer
use, for example for South America (Table 3).

[41] It is clear that another part of the differences in
agricultural N inputs are caused by the land cover distribu-
tions used. The distribution of arable land used by BOUW
to allocate N fertilizers and animal manure application is
much more concentrated in smaller areas than in the other
data sets (BOYE, GREE and SIEB) (Figure 5). The GREE
and BOYE maps for fertilizer inputs are almost completely
identical, except for a few areas such as in South America.
Likewise, the way grassland is distributed also differs, and
the animal manure distribution shows less spatial concen-
tration in the SIEB and GREE than in the BOUW data sets
(not shown).
[42] The estimated global sum of Nexp of SIEB and

BOUW are similar, while GREE is much lower. The
estimation of N export in harvested crop products is based
on statistical information on crop production; hence differ-
ences are either caused by not taking into account the full
range of agricultural crops, or by differences in the assumed
N content of the harvested parts. The N uptake by animals
during grazing in the GREE data is probably also lower than

Figure 3. Ratio (top left) BOUW-BOYE, (top right) BOUW-SIEB, (middle left) BOUW-GREE,
(middle right) GREE-BOYE, (bottom left) SIEB-BOYE, and (bottom right) SIEB-GREE for inputs from
atmospheric N deposition.
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for SIEB and BOUW, since the N excretion rates of GREE
are also considerably lower.
[43] With lower values for N excretion rates by the

various animal categories, it is not surprising that the global
Nvol estimate of GREE is also lower than BOUWand SIEB.
The global estimate of SIEB for Nvol exceeds that of BOUW
by 30%. This is because BOUW did not include emissions
from stored manure in their surface N balance approach,
while SIEB presents the NH3 volatilization for the livestock
production as a whole.

3.2. Continents and World Regions

[44] There is much stronger disagreement between the
data sets at the scale of world regions than at the global
scale (Figure 2; Table 2). The causes of the differences in
Ndep, Nfix, Nfert, Nexp, and Nvol between the data sets at the
global scale were discussed in section 3.1. Here we will
discuss other remarkable differences which become appar-
ent when comparing world regions, taking Canada, South

America, Eastern Europe, and the former USSR, East Asia,
and North Africa as examples (Table 3).
[45] Starting with Canada, we see that tm according

to BOUW is 50% higher than that of GREE and SIEB
(Table 3). This is primarily due to the estimates for biological
N fixation and atmospheric N deposition in BOUW, which
exceed those of SIEB and GREE. Since the output terms of
BOUW and SIEB are in reasonable agreement, this causes a
higher Nsur in BOUW. The differences between GREE and
the other data sets for Canada reflect the differences we
already noted for the global-scale comparison. The BOYE
estimate for biological N fixation for Canada exceeds those
of the other three data sets by a factor of 1.4 to 2.9.
[46] For South America, tm according to GREE is much

lower than for the other two data sets (Table 3). While there
is a good general agreement at the level of total N inputs
and total outputs between BOUW and SIEB (Table 3), all
input terms in the GREE data are much lower than in the
other data sets. All four data sets agree that the Nfix term is

Figure 4. Ratio (top left) BOUW-BOYE, (top right) BOUW-SIEB, (middle left) BOUW-GREE,
(middle right) GREE-BOYE, (bottom left) SIEB-BOYE, and (bottom right) SIEB-GREE for N inputs
from biological N fixation.
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the most important contributor to N inputs in South Amer-
ica, but the estimates of BOYE and especially GREE are far
lower than the other data sets.
[47] The sum of Nsur (tm) provided by SIEB for North

Africa is much lower than GREE (60%) and BOUW (48%)
(Table 3), and this is mainly caused by Nfix, which is 50% of
the BOYE estimate, 35% of the GREE estimate, and 25% of
BOUW. The BOUW estimate for Nexp exceeds those of the
GREE and SIEB data.
[48] Turning to Eastern Europe, we note that tm according

to SIEB is much lower than for the other two data sets
(Table 3). While the SIEB total N inputs for Eastern Europe
exceed those of BOUW (+14%) and GREE (+15%), the
SIEB total outputs exceed those of BOUW by 65% and
those of GREE by 114% leading to a 29% lower Nsur than in
BOUW and 41% lower than in GREE. The SIEB estimate
for biological N fixation is much higher than the other three
data sets.
[49] There is major disagreement about tm for the former

USSR between SIEB and GREE on the one hand and

BOUW on the other hand (Table 3). While the sum of N
inputs is similar in all three data sets, the outputs are
different. The major difference is in the Nexp, which is
much higher in the SIEB data than in BOUW and GREE.
Further striking differences are in the estimates for Ndep

(highest in BOUW, as discussed in section 3.1), Nfert

(highest in SIEB), and Nfix (BOYE exceeds the other data
sets by a factor of 1.6–1.8).
[50] While the input terms for East Asia show a good

overall agreement between the data sets, tm according to
GREE for East Asia exceeds the estimates of BOUW (38%)
and SIEB (12%) (Table 3). The main difference is in the N
export by crops, grass, and fodder, where BOUW exceeds
SIEB by 60% and GREE by 67%. It is difficult to determine
what causes these differences. However, an independent
estimate for N export in crops (excluding N grazing, fruit
trees, mulberry, and tea) of 15.3 Tg yr�1 for 1998 for China
[Zhu and Chen, 2002], the most important country in the
East Asia region, suggests that GREE and SIEB Nexp for
East Asia are probably underestimates. The SIEB estimate

Figure 5. Ratio (top left) BOUW-BOYE, (top right) BOUW-SIEB, (middle left) BOUW-GREE,
(middle right) GREE-BOYE, (bottom left) SIEB-BOYE, and (bottom right) SIEB-GREE for fertilizer N
inputs.
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for Nfix is lowest and that of BOYE highest (exceeding
SIEB by almost 50%).
[51] One major output term of the surface balance is the

crop export Nexp. As discussed for the global scale, the Nexp

estimates of GREE are low for most world regions com-
pared to BOUW and SIEB. The SIEB data set is based on
simulated yields for each grid cell (Table 1), which are
scaled using a regional calibration factor to obtain the
regional production given by FAO [2003]. Crop yields tend
to be overestimated in zones of low productivity and
underestimated in zones of high productivity within the
same world region. Since SIEB considers country data for
fertilizer N inputs and country or even subnational data for
animal manure inputs, Nsur may be overestimated in
countries with high productivity relative to the regional
mean and underestimated in countries with low relative
productivity. The same problem occurs in the SIEB data as a
result of using regional average cropping intensities. This
may explain the differences between SIEB and BOUW for
East Asia, Eastern Europe and the former USSR. It should
be noted that similar scale problems occur within countries
in the BOUW and GREE data by using country data for
inputs and crop yields, which do not reflect heterogeneity in
agricultural systems.
[52] In the SIEB data, about 1% of the grid cells have zero

Nsur values (originally negative, i.e., soil N depletion, see
Figure 1) in many parts of the world, for example, Canada,
Argentina, Spain, Eastern European countries, Russia, and
Khazakstan (Figure 1 and 2). In addition, Nsur values in
several world regions are much more variable according to
SIEB than for the other two data sets. This is most clearly
reflected by clusters with similar values for BOUW or
GREE while SIEB gives a wide range, particularly in North
Africa and Eastern Europe (Figure 2) and United States,
Western Africa, Western Europe, and Southeast Asia (not
shown). The higher variability is caused by higher variabil-
ity of some N inputs (manure, biological N-fixation) and
probably by the calculated changes in soil N pools in the
SIEB data. This aspect was not addressed in the compilation
of the GREE data. In the BOUW data set the different crops
within each grid cell were considered to represent a rotating
system, where the surplus of one crop may serve to
compensate for the deficit of the next crop thus portraying
the long-term balance for larger areas. Both the assumed
zero Nsur values and the dynamic calculation of the soil N
pools probably cause low r values in many world regions
for the BOUW-SIEB and GREE-SIEB comparisons.
[53] The above examples indicate that there may be

apparent agreement in the regional sum of Nsur (tm), while
the underlying data may strongly disagree. This is also
illustrated by the matching mass of Nsur, m, which varies
between 64% (Oceania) and 88% (South Asia) for the
BOUW/GREE comparison, 60% (North Africa) and 84%
(South Asia) for GREE/SIEB, and 49% (North Africa) to
86% (South Asia) for BOUW/SIEB (Table 2; Figure 2).
[54] The Pearson correlation coefficient (r) is much more

variable than m. One of the causes is the distribution of the
estimates. For a distribution with one cluster of estimates,
the r value is inherently low, while the m may be much
higher, indicating a good agreement. For a one-to-one

comparison where values in both x and y direction cover
a wider range, the r value will be higher than for small
clusters.
[55] The BOUW/GREE comparison yielded low r values

of 0.1–0.4 for Central America, Eastern Europe, Eastern
and Southern Africa, Southeast Asia, and Oceania. The
GREE/SIEB comparison gave low r values for the same
regions, and even a negative value for Eastern Europe. The
BOUW/SIEB comparison resulted in higher values for these
regions (0.3–0.4), except for Eastern Europe with an r of
<0.1.

3.3. Large Countries

[56] The results for large countries provide more detailed
insight in the differences between the data sets. Canada and
the United States (Table 2) have m of 0.7–0.8 for the
BOUW/GREE and BOUW/SIEB, and somewhat lower for
the GREE/SIEB comparison. For China the m value
exceeds 0.7 for the three one-to-one comparisons, while
results are more variable for Brazil (0.68–0.79) than for
India (0.86–0.90).
[57] The values for r for Canada, United States, and China

range from 0.6 to 0.8. The r values exceed 0.6 for India and
China, while r for Brazil is <0.1 for the BOUW/GREE
and BOUW/SIEB comparison. The results for Brazil
(8.4 Mkm2) as a whole are surprising, since the r values
for the Amazon river basin (5.7 Mkm2) are much higher
(see below). Apparently, the disagreement between BOUW
on the one hand and GREE and SIEB on the other hand are
caused by differences in Brazil outside the Amazon River
basin. This is a consequence of large differences in the
allocation of N fertilizer (Figure 5) and animal manure N.
For N inputs from animal manure the differences are clearly
related to the difference of the basic data used, which is
country scale for BOUW and subnational scale for SIEB.
For fertilizer N inputs it is not clear what causes the
differences, since both SIEB and BOUW rely on the same
basic land-cover data (Table 1).

3.4. River Basins

[58] Since the purpose of this comparison is to estimate
the riverine N export to coastal marine systems, we also
compared the estimates of the different data sets for river
basins (Table 4). When looking at the data for the 25 largest
river basins (varying in size from 5.78 for the Amazon to
0.84 million km2 for the Senegal) we see that there is
disagreement about the tm between GREE on the one hand
and BOUWand SIEB for the Amazon and Parana. For these
river basins, GREE has lower tm values similar to Brazil as
a whole. Furthermore, the agreement between the three data
sets is fairly constant, m being of the order of 70% with a
few exceptions.
[59] The comparison indicates that the r values for the

Amazon are higher than for the Parana and Orinoco, which
is caused by a stronger degree of clustering in the latter two
rivers and less so by lack of agreement. The comparison
also yields low r values (<0.3) for the Zaire and Zambezi
(BOUW/GREE and GREE/SIEB), Senegal (BOUW/
GREE), Volga, Murray, and Orange (for all one-to-one
comparisons).
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[60] It is clear that the agreement is much better for large
than for small river basins (Figure 6). This is caused by the
increasing uncertainty of spatial distributions of land use
and management along with decreasing area.

3.5. Comparison of River N Export Models

[61] The transport coefficients of Green et al. [2004] are
the result of calibration against data for about 50 rivers. The
Van Drecht et al. [2003] model is not calibrated. The two
river N export models gave comparable results when all
data are aggregated to the global scale, with a transport
efficiency of 18% (Table 5). However, at the scale of
continents we see that there is good agreement for indus-
trialized regions (North America, Europe, Australia). For

the developing countries, there are more pronounced differ-
ences, whereby in some parts of the world the Green et al.
[2004]model predicts a somewhat higher transport efficiency
(Asia, South America), and for other parts it yields a lower
efficiency (Africa). The transport efficiencies are in good
agreement at the scale of receiving oceans (Table 5). For
countries and individual river basins, there will be more
disagreement, since the average river basin temperature is
the only variable in the Green et al. [2004] model, while
that of Van Drecht et al. [2003] uses specific information for
individual grid cells.
[62] The three data sets for Nsur were used with the

transport efficiency for nonpoint sources of the meta model
derived from the Van Drecht et al. [2003] model. Using this

Table 4. River Basin Area, Sum of Nsur (tm) for BOUW, GREE, and SIEB, and the Fraction of Total Mass of N With Match (m), and

Pearson Correlation Coefficient (r) for the Three One-by-One Comparison of the Data Sets for the 25 Largest River Basins of the World

Using Data From Fekete et al. [2002]

River Basin
Area,

106 Km2

BOUW
tm,

Tg yr�1

GREE
tm,

Tg yr�1

SIEB
tm,

Tg yr�1

BOUW/GREE BOUW/SIEB GREE/SIEB

m r m r m r

Amazon 5.8 15.0 9.1 15.8 0.73 0.45 0.86 0.41 0.72 0.22
Nile 3.7 6.7 5.0 8.2 0.68 0.47 0.72 0.70 0.61 0.47
Zaire 3.6 10.7 6.8 12.3 0.70 0.04 0.88 0.59 0.68 0.06
Mississippi 3.2 10.7 8.2 9.2 0.81 0.59 0.80 0.50 0.81 0.47
Amur 2.9 4.4 4.3 2.8 0.72 0.73 0.61 0.33 0.67 0.47
Parana 2.6 5.9 3.7 7.5 0.68 0.29 0.72 0.25 0.62 0.35
Yenisei 2.6 2.2 2.0 1.2 0.79 0.42 0.61 0.23 0.64 0.28
Ob 2.6 1.3 1.0 1.1 0.79 0.59 0.74 0.38 0.78 0.38
Lena 2.4 1.0 0.6 0.8 0.77 0.52 0.82 0.90 0.85 0.32
Niger 2.2 3.5 3.4 4.3 0.70 0.24 0.68 0.74 0.59 0.36
Zambezi 1.9 3.0 3.3 4.4 0.63 0.27 0.69 0.48 0.78 0.18
Chang Jiang 1.8 6.1 8.4 8.4 0.71 0.46 0.75 0.61 0.85 0.70
Mackenzie 1.6 7.9 8.7 9.8 0.89 0.90 0.85 0.79 0.83 0.75
Ganges 1.6 0.7 0.5 0.5 0.75 0.59 0.77 0.51 0.73 0.36
Chari 1.6 2.0 2.0 2.3 0.68 0.35 0.63 0.60 0.67 0.74
Volga 1.4 2.4 1.8 1.7 0.75 �0.29 0.71 0.06 0.72 �0.04
St. Lawrence 1.1 3.8 4.1 5.0 0.84 0.81 0.82 0.83 0.82 0.79
Indus 1.0 2.8 1.8 3.2 0.70 �0.14 0.87 0.25 0.71 0.01
Nelson 1.0 1.5 1.0 1.7 0.59 0.08 0.66 0.22 0.62 �0.22
Orinoco 1.0 2.5 2.0 1.8 0.76 0.62 0.76 0.71 0.81 0.71
Murray 1.0 1.7 1.6 0.7 0.86 0.80 0.54 0.52 0.56 0.54
Orange 0.9 0.8 1.2 1.4 0.71 �0.24 0.55 0.13 0.61 �0.24
Huang He 0.9 2.7 3.1 3.0 0.69 0.52 0.71 0.59 0.80 0.76
Yukon 0.8 0.4 0.2 0.3 0.68 0.31 0.83 0.83 0.75 0.29
Senegal 0.8 0.8 1.1 1.0 0.59 0.09 0.58 0.49 0.65 0.56

Figure 6. Comparison of tm for the 1000 largest river basins for (left) BOUW-GREE, (right) BOUW-
SIEB, and (right) SIEB-GREE.
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model, there is a clear difference between the three data sets
on the global scale (Table 6), the estimate based on GREE
being 16% lower than on the basis of BOUW, while river
export based on SIEB exceeds BOUW by 10%.
[63] SIEB results in higher values than the BOUW data

set in all world regions except for Europe and North
America. The largest difference is seen in Australia where
the river export for the SIEB data exceeds that on the basis
of BOUW by 76%. Since tm of the SIEB data for Australia
exceeds that of BOUW by 46%, there is a clear effect of
differences in the spatial allocation of the nonpoint sources.
While the estimates for N deposition in the BOUW data set
exceed those in GREE and SIEB (Figure 3), most of it
comes down in dry regions where there is no or negligible
downward transport of water and nitrate. Conversely, the N

surplus in the north and east of Australia (Figure 1) (with
the SIEB N fixation exceeds that of BOUW and SIEB,
Figure 4) gives rise to more river N export according to
SIEB than for BOUW and GREE. Similar effects of differ-
ences in the spatial distribution of Nsur occur in Africa,
where differences between SIEB and BOUW and GREE
and BOUW in the calculated river N export are much larger
than those in the total Nsur. The BOUW data for tm for the
Sahara exceed those of GREE and SIEB due to higher N
deposition and biological N fixation rates. However, in
many other more humid parts of Africa particularly the
SIEB data set indicates higher N deposition rates, N
fixation, and N fertilizer use than BOUW.
[64] River N export stemming from nonpoint sources

calculated for the GREE data are lower than those calcu-
lated with BOUW for all world regions, except for Asia.
The largest difference is seen in South America, where the
calculated river export with the GREE data is only 63% of
that calculated with BOUW. This reflects the difference in
the tm, and suggests that in areas with humid climates
differences in the spatial allocation of Nsur are less important
than in dry climates.
[65] The comparison of the river N export from N

stemming from nonpoint sources clearly shows where
differences in tm and its spatial distribution occur; that is,
the main disagreement is in Africa, Australia, South Amer-
ica, and North America. The SIEB estimates for tm tend to
be highest in all continents, while the BOUW data tend to
be highest in regions discharging to the Arctic Ocean,
mainly the result of higher estimates of atmospheric N
deposition rates as discussed in section 3.1.

4. Conclusions and Recommendations

[66] We conclude that there are important differences
between the data sets which are compared in this study at
the global, regional, country, and river-basin scales. There
are differences in the surface balance for N, individual N
input and output terms, and the spatial distributions. The
most uncertain aspects of the surface balance are the input

Table 5. Transport Efficiency for Continents and Receiving

Oceans Derived From Two Models for Calculating River N

Exporta

Region/Ocean

Model

Van Drecht et al. [2003]b
Green et al.

[2004]

Nonpoint Sources Overall Overall

Africa 16 16 6
Asia 16 17 21
Australia 4 4 4
Europe 22 25 24
North America 17 19 16
South America 23 24 26
World 18 19 18
Arctic Ocean 22 22 22
Atlantic Ocean 21 22 21
Indian Ocean 13 14 13
Mediterranean+Black Sea 12 14 12
Pacific Ocean 21 22 23

aTransport efficiency is the ratio of modeled river N export: tm
(including point sources).

bTransport efficiency for nonpoint sources is that for tm presented in
Table 2, and is used to compute the river export of N from nonpoint sources
(see Table 6). The overall transport efficiency is calculated for the nonpoint
and point sources as presented by Bouwman et al. [2005a] and can be
compared with the overall transport efficiency of Green et al. [2004].

Table 6. Area and tm for BOUW, GREE, and SIEB, and River N Export Calculated With the Transport

Coefficient for Nonpoint Sources From Table 5 From the Model of Van Drecht et al. [2003] for the BOUW Data

Set and River N Export for GREE and SIEB Relative to BOUW for Continents and Receiving Oceans

Region/Ocean
Area,
Mha

BOUW
tm,
N in

Tg yr�1
GREE
tma

SIEB
tma

River N export

BOUW,
N in

Tg yr�1 GREENa SIEBa

Africa 29 48 84 118 8 76 124
Asia 41 71 112 110 12 111 118
Australia 7 7 114 146 0 86 176
Europe 10 25 96 89 6 91 86
North America 21 34 81 97 6 76 93
South America 17 40 63 112 9 63 112
World 128 232 91 109 42 84 110
Arctic Ocean 16 10 67 68 2 64 67
Atlantic Ocean 44 100 76 106 21 72 105
Indian Ocean 20 43 106 129 6 97 130
Mediterranean+Black Sea 11 20 91 96 2 96 107
Pacific Ocean 20 43 108 117 9 107 120

aRelative to BOUW (BOUW = 100).
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terms biological N fixation and atmospheric N deposition,
and the output terms (export of N from fields in harvested
products and grazing, and NH3 volatilization).
[67] The differences between the data sets in the estimates

for N inputs from natural biological N fixation rates are
much larger than those for the managed agricultural inputs
(fertilizer, animal manure). Our understanding of spatial
patterns and rates of biological N fixation is better in
agricultural systems than in natural ecosystems [Galloway
et al., 2004]. In agricultural lands, we have relatively good
records of the distribution of cultivated crop lands and a
long history of measurements of rates of symbiotic N
fixation in cultivars, along with statistical information on
agricultural management practices [Smil, 2001].
[68] However, in natural lands, it remains a challenge

even to map the spatial distribution of natural vegetation
species hosting N fixing bacteria, such as alder shrub
species that cover only small fractions of forested wetland
environments [Boyer et al., 2002]. There is a broad spec-
trum of N fixing organisms in the natural environment,
which have complex distributions across the landscape.
Furthermore, even in a single plant community, there is a
large variability in the distribution of observed fixation
rates, and there is a large degree of spatial and temporal
heterogeneity in factors controlling fixation rates [Smil,
2001].
[69] All four data sets described herein for natural fixation

make use a recent compilation of biological N fixation
based on published literature values in natural ecosystems
[Cleveland et al., 1999]. Hence any differences in the
estimates of natural biological N fixation illustrated here
stem largely from the way these data were interpreted and
scaled by coupling to other ecosystem process models (see
Table 1). The review by Cleveland et al. [1999] provides a
good starting point for considering the magnitude of bio-
logical N fixation at regional scales, though the estimates
are still poorly constrained owing to a relatively sparse
number of measurements and a large degree of variability in
observed rates. There may also be biases in literature values
given the fact that rate measurements are typically made in
individual plots where there are large assemblages of N
fixing species, which in turn might not be representative of
an entire ecoregion (C. Cleveland and G. Asner, personal
communication, 2002). Thus there remains huge uncertainty
in understanding the magnitude of natural biological N
fixation at regional scales, highlighting the need for con-
siderably more research in this area.
[70] The major cause of difference between the estimates

for atmospheric N deposition is the chemistry-transport
model (CTM) and the N emission data used in the CTM
run. First, the grid size of the CTMs used is comparable to
that of a small to medium-sized river basin, and heteroge-
neity within the basin is only poorly described. Second,
there may have been inconsistencies between the emission
input data used to calculate N deposition, and the data set
for which the calculations were done.
[71] Although total global, regional, and national N inputs

from N fertilizer and animal manure show less differences
between the data sets than biological N fixation and
atmospheric N deposition, the differences in the spatial

allocation of N fertilizer and animal manure inputs between
the data sets indicate that this aspect is also poorly known.
In addition, N surpluses in agricultural systems are respon-
sible for the major part of the global total N surplus, and
agricultural systems are concentrated in a relatively minor
part of the terrestrial land area (about 15% for intensively
managed agricultural systems, and 30–40% for total agri-
culture including extensively used and marginal lands).
[72] The NH3 volatilization from N fertilizer and animal

manure are all calculated with comparable methods, and
main differences are in the spatial allocation of fertilizers
and animal manure. The N removal from agricultural fields
by harvesting and grazing is estimated by assigning fixed N
contents to crop production or yield data. The major differ-
ences are caused by not taking into account the full range of
agricultural crops, or by differences in the assumed N
contents.
[73] A number of recommendations for future improve-

ments can be given on the basis of our comparison.
Regarding biological N fixation in natural ecosystems the
BOYE approach using an ecosystem model seems to be the
most promising, and future research directions in this
respect are given by Vitousek et al. [2002].
[74] Modeling rates and spatial distribution of atmospher-

ic N deposition remains a major challenge, reflecting the
complexities of a multitude of different sources, transport
pathways, chemical transformations, and parameterizations
of deposition within the model structures [Dentener and
Crutzen, 1994; Prospero et al., 1996; Holland et al., 1999].
Moreover, there is incomplete monitoring of N species with
which to calibrate the models, with relatively sparse data
over space and time for wet deposition species, and with
only a paucity of data on dry and organic components of
deposition [Meyers et al., 2001]. Regional-scale estimations
of atmospheric N deposition may be improved by taking
advantage of recent refinements in resolution and accuracy
of CTMs, such as the newly developed TM5 model [Krol et
al., 2004]. The spatial resolution of TM5 (1�) is finer than
that of the predecessor TM3 versions used in SIEB, BOYE,
and GREE. Consistent model simulations of N deposition
based on three-dimensional transport from atmospheric NH3

and NO emissions sources are currently being evaluated,
potentially enabling a better description of N deposition at
regional and global scales.
[75] Better spatial allocation and description of land-use

systems is important, since intensive crop and livestock
production systems are generally concentrated in areas with
good soils such as river floodplains. The climatic and
hydrological characteristics of such regions may differ from
those in less intensive areas.
[76] With respect to inputs and outputs in crop production

systems, a major improvement can be achieved by using a
crop growth model approach that better reflects the agricul-
tural management on the country or subnational scale. By
doing so the simulation of crop yields in response to the
inputs of N and other nutrients and the crop N-uptake could
be improved, as well as the biological N fixation by
leguminous crops. A further improvement is the use of
information on fertilizer use in irrigated and rainfed sys-
tems, in combination with available estimates of areas
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where no fertilizer is applied at all, fallow, crop rotations,
and regions with multiple cropping.
[77] Regarding animal manure, the SIEB approach pro-

vides detailed spatial information on animal densities. This
approach can be improved by adding information on live-
stock production systems, including characteristics such as
type and quality of animal feedstuffs including grazing, feed
availability during the year, and excretion rates based on
these production characteristics, animal manure manage-
ment, and associated NH3 volatilization.
[78] At the river-basin scale the different data sets agree

fairly well for large river basins, although there is consid-
erable disagreement about the grid-by-grid allocation within
the river basins. Comparison of large-scale transport effi-
ciencies of the two models compared [Van Drecht et al.,
2003; Green et al., 2004] showed a good agreement for the
global scale, most continents, and receiving oceans. The
models are different with much lower transport efficiency
for Africa for the Green et al. [2004] model than the Van
Drecht et al. [2003]. Hence a conceptual model which is not
calibrated [Van Drecht et al., 2003] can yield results which
are close to those obtained with a calibrated model [Green et
al., 2004].
[79] The river N export based on BOUW, GREE, and

SIEB calculated with the meta version of Van Drecht et al.
[2003] reflect differences in tm, except for regions or
continents with vast areas with dry climates. In dry climates
the downward flow of water is limited and differences in tm
are less important than in more humid climates. However, at
the scale of individual river basins the differences between
the data sets are much larger than for continents or world
regions.
[80] There is a tendency toward increasing the spatial and

temporal detail in studies on global-scale changes in N
cycling. However, data on other aspects such as agricultural
management and N cycling in natural ecosystems are
available at the scale of states or provinces at best. Hence
smaller scales such as river basins or sub-basins may be
more appropriate to test models. The most important chal-
lenge is to develop approaches to compare results at the
model scale (1–50 km) with field measurements (plot
scale).

[81] Acknowledgments. We gratefully acknowledge the support of
the UNESCO Intergovernmental Oceanographic Committee for various
workshops that were held which formed the basis for the contribution to
the Global NEWS project described in this paper. The work of G. V. D. and
A. F. B. was part of the project Integrated Terrestrial Modeling (S/550005/
01/DD) of the Netherlands Environmental Assessment Agency, National
Institute for Public Health and the Environment. E. W. B. and P. A. G. thank
Greg Asner, Cory Cleveland, Frank Dentener, and Charlie Vörösmarty for
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