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Soil nitrogen (N) budgets are used in a global, distributed flow-path model
with 0.5° x 0.5° resolution, representing denitrification and N,O emissions
from soils, groundwater and riparian zones for the period 1900—2000 and scen-
arios for the period 2000-2050 based on the Millennium Ecosystem
Assessment. Total agricultural and natural N inputs from N fertilizers,
animal manure, biological N, fixation and atmospheric N deposition increased
from 155 to 345 Tg N yr ! (Tg = teragram; 1 Tg = 10'? g) between 1900 and
2000. Depending on the scenario, inputs are estimated to further increase to
408-510 Tg N yr~ ! by 2050. In the period 19002000, the soil N budget surplus
(inputs minus withdrawal by plants) increased from 118 to 202 Tg yr ', and
this may remain stable or further increase to 275 Tg yr ' by 2050, depending
on the scenario. N, production from denitrification increased from 52 to
96 Tgyr ' between 1900 and 2000, and N,O-N emissions from 10 to
12 Tg N yr . The scenarios foresee a further increase to 142 Tg N,~N and
16 Tg N;O-Nyr ' by 2050. Our results indicate that riparian buffer zones
are an important source of N,O contributing an estimated 0.9 Tg N,O-—
Nyr~! in 2000. Soils are key sites for denitrification and are much more
important than groundwater and riparian zones in controlling the N flow to
rivers and the oceans.

1. Introduction

The global nitrogen (N) cycle is driven by the fixation of inert atmospheric mol-
ecular nitrogen (N,) and the formation of reactive bio-available N compounds,
such as nitrate (NO3 ), ammonium (NH) and N-oxides. Humans have acceler-
ated this cycle through fertilizer production and use, and fossil fuel combustion
[1]. Denitrification is the microbial process that removes NOj, anaerobically redu-
cing it to nitrite (NO; ), nitric oxide (NO), the greenhouse gas nitrous oxide (N,O)
and Ny. In agricultural soils, NO; mainly originates from fertilizers, animal
manure, crop residues and soil organic matter. The organic substrates have to
be mineralized first to ammonium by heterotrophic micro-organisms, while nitri-
fying bacteria subsequently oxidize the NH; to NO, and NO3. In natural
ecosystems, the main N sources are biological N, fixation and atmospheric depo-
sition. In terrestrial ecosystems, denitrification occurs mainly in soils, groundwater
and riparian zones. Other human-managed systems where denitrification occurs
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include manure storage systems, wastewater treatment plants,
bioreactors and constructed or reclaimed wetlands.

Denitrification is an important process because it leads to
significant N losses from agricultural systems, while, by con-
verting NO3 and NO; into gaseous N,, N,O and NO,
(NO + NO,), denitrification reduces the problem of a global
N overload on the hydrological system. In doing so, denitri-
fication transfers this overload to the atmosphere, where N,O
and NO, can have negative environmental impacts.

As denitrification is an anaerobic process, oxygen (O,) is
the most important regulator [2]. Nitrate is the electron accep-
tor and source of N, and C serves as the electron donor and
energy source for heterotrophic denitrifying bacteria. Soil
pH has a marked effect on denitrification, with lower rates
under acid than under slightly alkaline conditions [3]. Deni-
trification has an optimum temperature range of 25-30°C
[4]. Temperature also controls decomposition and nitrifica-
tion rates [2], and therefore regulates the availability of O,,
NO; and organic C. Soil denitrification and N,O production
and consumption are extremely variable in time and space [5]
owing to variability of the major regulators.

Groundwater discharge to surface waters generally con-
sists of a mixture of water from different parts of the aquifer,
characterized by a wide range of travel times. The NO3 con-
centration in groundwater depends on the time of infiltration
into the saturated zone, the NO;3 concentration of that water
and the denitrification loss during its transport [6]. As O,
becomes limiting in the saturated zone, heterotrophic micro-
organisms increasingly switch to NO3 as an electron acceptor
for the oxidation of organic C. This organic C may be present
in either dissolved form or as part of the sediment matrix. If
pyrite is present in subsurface sediments, denitrification
coupled to pyrite oxidation may become the dominant
removal process [7]. Pyrite is a common iron disulfide mineral,
and is often found in association with unconsolidated marine
deposits in the terrestrial subsurface and in association with
coal and shale deposits.

Riparian areas are wetlands located at the interface between
the terrestrial and aquatic components of the landscape, which,
owing to their position, contribute to the control of nutrient
and energy fluxes towards surface waters. Riparian denitrifica-
tion is an important mechanism to remove N in subsurface
run-off and shallow groundwater moving from uplands
towards streams [8]. Similar to soils, N,O emission from ripar-
ian zones is caused by an imbalance between N,O production
and consumption. These imbalances increase at high con-
centrations of O, and NO;3 in the soil and at low pH [9].
Although limited in surface area, riparian zones have been
identified as hot spots for denitrification and N,O emission
especially along lower-order streams [10].

Both rates of denitrification and N,O emissions [11] have
changed as a result of human intervention in the global N
cycle. Future population growth and economic development
may lead to further acceleration of the global N cycle. Quan-
tifying where, when and how much denitrification occurs on
the basis of measurements alone is virtually impossible [12].
Models have, therefore, become essential tools. In this paper,
we address the possible change of terrestrial denitrification
and N,O emissions from soils, groundwater and riparian
zones under past and future climate change, increasing
food and energy production and agricultural intensification,
using a simulation model. The term denitrification is used
to indicate total nitrate reduction to N,, N,O and NO. Details

on the data, models and scenarios used and part of the results n

are provided in the electronic supplementary material.

2. Estimating global terrestrial denitrification and
nitrous oxide emissions

(a) Data used

Spatially explicit soil budgets at 0.5° x 0.5° resolution were used
for 1900, 1950, 1970 and 2000 [11]. Projections for the period
2000-2050 [13] were based on the four Millennium Ecosystem
Assessment (MEA) scenarios implemented with the spatially
explicit Integrated Model to Assess the Global Environment
(IMAGE) ([14]; electronic supplementary material, S2 and S3).
All data, including land use, soil N budgets [13], climate and
the spatial run-off data developed for the MEA scenarios [15]
form the basis of the calculations presented here.

The four MEA scenarios are Global Orchestration (GO),
Order from Strength (OS), Technogarden (TG) and Adapting
Mosaic (AM). They differ in the assumed population growth,
economic and industrial development, and human diets, lead-
ing to varying greenhouse gas emission pathways and climate
change. GO portrays a globally connected society that focuses
on global trade and economic liberalization, and takes a reac-
tive approach to ecosystem problems, but also takes strong
steps to reduce poverty and inequality and to invest in public
goods, such as infrastructure and education. By contrast, OS
is a regionalized and fragmented world, concerned with secur-
ity and protection, emphasizing regional markets, paying little
attention to public goods and taking a reactive approach to eco-
system problems. TG is a globally connected world relying
strongly on environmentally sound technology, using managed
or engineered ecosystems to deliver ecosystem services and
taking a proactive approach to environmental problems. In
AM, regional ecosystems are the focus, and local, proactive
management of ecosystems is based on simple technologies.
More details on the scenarios including the assumptions on
N management in agriculture are provided in the electronic
supplementary material S3 and table S1.

The annual soil N budget includes the N inputs and out-
puts for 0.5° x 0.5° grid cells for agricultural and natural
land. N inputs include biological N, fixation (Ngy), atmos-
pheric N deposition (Ngep), application of synthetic N
fertilizer (Nfer) and animal manure (Np,,n). Outputs in the
soil N budget include ammonia (NH;) volatilization (Ny),
N removal from the field through crop harvesting, hay and
grass cutting and grass consumed by grazing animals (Nyithdr)-
The soil N budget (Npudget) was calculated as follows:

Nbudget = Nﬁx + Ndep + Nfert + Nman - Nwi’thdr - Nvol~ (21)

The soil N budget ignores N accumulation in soil organic
matter where there is a positive budget (surplus), and also
ignores N supply from soil organic matter decomposition
in case of a negative budget (deficit). With no accumulation,
N surpluses, therefore, represent a potential loss (by denitri-
fication, surface run-off and leaching). Table 1 lists the global
N input and output terms for agricultural land and land
under natural vegetation for the different years and scenarios.

Compared with earlier work [13], we assumed lower biologi-
cal Np-fixation rates in natural ecosystems, based on Vitousek
et al. [16], who estimated that N, fixation was only 58 Tg yr ™'
(Tg = teragram; 1Tg=10"g) in pre-industrial times. The
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Figure 1. Global model with 0.5 x 0.5° resolution applied in this study, representing denitrification in soils, groundwater and riparian zones. Not all grid cells
include all compartments, depending on the presence of shallow groundwater, deep groundwater and surface water.

estimates used to calculate N fixation in natural ecosystems are
based on the medium estimate for area coverage of leguminous
plants and free-living N-fixing bacteria [17]. Here, we used the
low estimate for the areal coverage, and this reduces global N
fixation for the year 1900 from 143 to 75 Tg N yr ' and for the
year 2000 from 101 to 53 Tg N yr ™.

(b) Computing denitrification

The model used to simulate N flows from the soil via leach-
ing through groundwater systems and riparian zones, and
via surface run-off to surface water is a modification of the
conceptual model of Van Drecht et al. [18]. Details on the
model are given in the electronic supplementary material,
S4-58. Here, a brief summary is provided.

Annual soil denitrification is calculated as a fraction of the
surplus of the soil N budget corrected for surface run-off (see
the electronic supplementary material, equations S8 and S9),
based on temperature, the residence time of water and NOj in
the soil, soil texture, soil drainage and soil organic C. Leaching
of NOj from the root zone (1 m thick) to groundwater is the
soil N budget minus soil denitrification and surface run-off
(see the electronic supplementary material, equation S14).

Two groundwater subsystems are distinguished (figure 1).
The shallow groundwater system represents the upper metres
of the saturated zone (typically 5 m) and is characterized by
short residence times before water enters local surface water
at short distances, or infiltrates the deep groundwater system.

A deep system with a thickness of 50 m is defined where a
deeper groundwater flow is present (see the electronic sup-
plementary material, S7). This deep groundwater system
has longer residence times than the shallow system, as
water flows to greater depths and drains to larger rivers at
greater distances. We assume that denitrification is negligible

in the deep groundwater system, and the modelled NO3
outflow from deep groundwater is thus a maximum estimate.

Riparian zones generally represent a small area of the drai-
nage basin. However, they are critical control points for
groundwater N fluxes within the watershed [19]. In our
approach, all shallow groundwater (if present) in a grid cell
flows towards streams (figure 1). As small streams have the lar-
gest riparian ecotone length within drainage networks, these
riparian zones are considered more important for groundwater
N processing than those bordering larger water bodies. We
ignored surface water bodies, such as lakes or larger streams,
where shallow groundwater by-passes riparian zones or ripar-
ian zones are less reactive. The calculation of denitrification in
riparian zones is similar to that in soils with two differences.
First, a biologically active layer with a thickness of 0.3 m is
assumed, as riparian zones show strong vertical gradients. Deni-
trification rates are high in this topsoil owing to the high organic
matter contents. Second, we included the effect of pH on denitri-
fication rates and the gaseous end-products (see the electronic
supplementary material, figure Sla).

(c) Computing nitrous oxide emissions

Nitrous oxide emission from soils under natural vegetation
and from agricultural land are calculated with regression
models (see the electronic supplementary material, S6). N,O
production in groundwater is calculated using the Intergo-
vernmental Panel on Climate Change (IPCC) emission factor
(0.25% of the N leached from the root zone; [20]).

Our approach for riparian areas (see the electronic
supplementary material, S8) includes corrections for the
observed inhibition of denitrification at low soil pH, and for
high N,O fractions when denitrification is inhibited [9]. With
this conceptual approach, the fraction of NO in total denitrifica-
tion is high when conditions limit denitrification, and low when
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Figure 2. Global soil N budget (excluding arid regions) and (a) denitrification (N,, NO and N,0) and (b) N,0 emission for soils, groundwater and riparian zones for

19002000, and for 2000—2050 for the four MEA scenarios.

conditions are optimal (see the electronic supplementary
material, figure S1b). Field measurements show a wide range
of N,O emissions from riparian areas indicating that these can
be both sources and sinks for N,O. In general, fluxes from ripar-
ian areas are low compared with those from agricultural soils.
Fractions of N,O relative to the total denitrification end product
(N2+ N;O) range from 0.3 up to 73 per cent (see the electronic
supplementary material, table S4).

(d) Sensitivity analysis

The sensitivity of the model was investigated using Latin
hypercube sampling, with uncertainty ranges for 17 par-
ameters, and expressed using the standardized regression
coefficient (SRC), to compare model output of 10 variables
(more details are in the electronic supplementary material,
510 and table S5).

3. Results

(a) Period 1900—2000

The global soil N budget has increased from 118 to 202 Tg yr~*
between 1900 and 2000. Hereafter, we exclude arid regions,
where denitrification is assumed to be negligible (see the

electronic supplementary material, S5). Between 1900 and
2000, the global N budget thus calculated increased from 100
to 183 Tg yr71 (figure 2a). This increase is primarily the
result of an increasing agricultural N budget, from 16 to
113 Tg yrfl, and a decreasing N budget for soils under natural
vegetation (from 99 to 86 Tg yr '), caused by land-use change.
There are large differences between different countries. Soil
N budgets increased rapidly after 1950 for industrialized
countries, while rapid increases in developing countries like
China and India started only from the 1970s. Small positive
or even negative soil N budgets were recorded for many
developing countries in Africa, Asia and South America.

Between 1900 and 2000, there has been an increase of
global N fertilizer use from practically zero to more than
80 Tg yr~ !, N excretion by animals (from 36 to 101 Tgyr ')
and biological N, fixation in agriculture (14-39 Tg N yrfl).
These changes in agriculture led to increasing emissions of
NH; (6-33 Tg N yrfl). Together with increasing NO, emis-
sions (from 7 to 38 Tgyr ! according to representative
concentration pathways, http://www iiasa.ac.at/web-apps/
tnt/RepDb) owing to expanding fossil fuel use and industrial
production, this caused rapidly increasing atmospheric N
deposition (from 6 to 36 Tgyr ! for agricultural land, and
from 24 to 33 Tg yr71 for natural ecosystems) between 1900
and 2000 (table 1).
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Figure 3. Denitrification (N,, NO and N,0) computed for the year 2000 for (a) soils excluding arid regions, (b) groundwater and (c) riparian zones. Denitrification is
denoted as total N in Gg (10° g) per grid cell, because the location of outgassing for groundwater and riparian zones is not known.

Soil denitrification largely follows the trend in the N bud-
gets. Annual global soil denitrification increased from 45 to
79 Tg N yr71 between 1900 and 2000 (figure 2a), which is the
result of a rapid increase in denitrification in agricultural
soils (from 9 to 51 Tg N yr_l), and a decrease in denitrification
in soils under natural vegetation (from 36 to 28 Tg N yr ') asa

result of forest conversion to agriculture. Spatial variability is
large (figure 3).

Between 1900 and 2000, the calculated transfer of N from
soils to groundwater (51-54% of the soil N budget surplus),
and denitrification in groundwater (23-24% of the N load
from soil leaching) and riparian zones (11-13% of N load
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Figure 4. Scheme presenting the global N flows for () 1900, (b) 2000 and
() 2050 for the Global Orchestration (GO) scenario through global soils,
groundwater, riparian zones to surface water and associated N, and N,0 pro-
duction in each compartment. The sum of N, and N,0 equals total
denitrification. The imbalance between deep groundwater inflow and outflow
is caused by (temporary) storage.

from shallow groundwater) were all relatively stable. The river
N load increased from 38 to 65 Tg N yr ' between 1900 and
2000. Long-term storage of N in groundwater increased from
0to 10 Tg N yr ' between 1900 and 2000 (figure 4), and cumu-
lative N storage in deep groundwater between 1900 and 2000
amounted to around 376 Tg. This has long-lasting effects. A
calculation with zero N inputs after 2000 yields an outflow
from deep and shallow groundwater of 56TgNyr ' in
2030 and 2.5 Tg N yr ' in 2050 using climate and land cover
data for the GO scenario.

Between 1900 and 2000, N,O emissions from soils under
natural vegetation decreased (from 6.3 to 4.9Tg N,O-
Nyr '), whereas N,O emissions from agricultural fields
rapidly increased (from 2.4 to 6.4 Tg N;O-N yr~; figure 2b).
Emissions from groundwater and riparian zones changed
accordingly. The overall spatial distributions of N,O emissions
from groundwater and riparian areas are similar (see the
electronic supplementary material, figure S3).

Global annual N,O emissions from all sources (including
indirect emissions from N deposition in natural ecosystems,

industry and energy-related emissions, biomass burning
and oceans) increased from around 13 to 17 Tg N;O-N yr*
between 1900 and 2000 (see the electronic supplementary
material, table S7).

(b) Period 2000—2050

The four MEA scenarios portray different futures, with the
annual global N budget increasing from 202 Tgyr ' in
2000 to 275 Tgyr ' in 2050 in the GO scenario and to
251 Tgyr ! in the OS scenario. The environment-oriented
scenarios (TG and AM) show slightly decreasing trends in
N budgets (figure 2b). The N budget for land under natural
vegetation reflects the result of forest conversion to agricul-
tural land, particularly in the TG scenario, and increasing N
inputs from atmospheric deposition (especially in the GO
scenario; table 1).

The scenarios GO and OS show a rapid increase in soil
denitrification, primarily owing to increasing denitrification
in agricultural soils with large N surpluses. The TG and
AM scenarios predict a stabilization, which reflects the bal-
ance between an increase of denitrification in agriculture
and a decrease in natural ecosystems.

The transfer of N from soils to groundwater is expected to
decrease from 51 to 44 per cent by 2050, groundwater denitri-
fication will increase from 25 to 27-29% of N leaching, while
riparian denitrification will stabilize at 13 per cent of the N
inflow from groundwater in the GO scenario between 2000
and 2050. The overall N retention of the terrestrial system
shows a slight increase, from 51-54% to 57 per cent of the
soil N budget in 2050, for the GO scenario, primarily owing
to the increase in soil denitrification. With the rapid increase
of the global soil N budget, the annual N flow to rivers is,
therefore, increasing rapidly, from 64 Tg N yr ' in 2000 to
84 Tg N yr~ ! in 2050 (GO scenario; figure 4).

The trends in groundwater and soil denitrification differ
(figure 2a). For example, in the GO scenario, soil denitrification
increases by 51 per cent between 2000 and 2050, whereas
groundwater denitrification increases by 29 per cent. In the
OS scenario there is also a difference (34% increase in soil
and 21% increase in groundwater denitrification). The TG
and AM scenarios show a small increase of soil and ground-
water denitrification after 2000 (figure 2a). Long-term storage
of N in groundwater ranges from 3 under AM and TG to
7 Tg N yr ! under the GO scenario in 2050 (not shown).

Similar to the trends in soil and groundwater denitrification,
the TG and AM scenarios predict a slight increase in riparian
denitrification, while a larger increase is expected under the
GO and OS scenarios (8 Tg N yr ™! in 2050; figure 2a).

The scenarios show increases in global N,O emissions
from agricultural soils from 6.4 Tg N;O-Nyr ' in 2000 to
7.7 (AM scenario) and 9.0 Tg N,O-Nyr~' (TG, with large
areas of energy crops, see the electronic supplementary
material, table S1; figure 2b). Global N,O emissions from all
sources increase from 16.5 Tg N;O-Nyr ' in 2000 to 18.0
(AM) and 19.7 (GO) TgN,O-N yr_1 in 2050 (see the
electronic supplementary material, table S7).

() Model sensitivity

Here, we discuss the SRC (see the electronic supplementary
material, table 56), concentrating on SRC values exceeding
0.2 (i.e. a contribution of 0.22 = 0.04 or about 4% to the vari-
ation of global results). Results for a similar analysis on the

H
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Table 2. Global estimates of terrestrial denitrification.
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®As estimates are based on mass balance considerations, these numbers probably represent total terrestrial denitrification.
bStandard model and range from sensitivity analysis (electronic supplementary material, table S5 and S6).

‘Lowest (TG) and highest (GO) scenario.

regional or smaller scale or a different year would yield differ-
ent results, depending on the N balances and hydrological and
geographical setting including climate.

Temperature, net precipitation (or run-off) and the soil N
budget for natural ecosystems, cropland and grassland are
important determinants for almost all global model variables,
including the outflow to the rivers. The direction of the effect
is variable, e.g. precipitation increase reduces soil denitrifica-
tion, while temperature has a positive effect. N in surface
run-off is most strongly determined by the various par-
ameters that determine run-off and the N therein, with a
strong effect of land use. For global soil denitrification, the
N budget in cropland (SRC = 0.60) has the largest contri-
bution, followed by the N budget in natural ecosystems
(0.47) and temperature (0.50). N leaching has a similar sensi-
tivity, but here, the N budget in natural ecosystems (0.67) has
the largest influence on variation, followed by N budget in
cropland (0.54), and temperature (—0.43).

The outflow from shallow groundwater is most sensitive to
variation of the thickness of the shallow layer (SRC = —0.65),
the N budget in natural ecosystems (SRC = 0.50), net precipi-
tation (0.31) and the N budget of cropland (0.25). The outflow
from the deep groundwater system is sensitive to the half-life
of nitrate (0.66), the thickness of the deep layer (—0.46) and the
water partitioning to the deep layer (0.27). The N inflow and
bypass flow for riparian zones have sensitivities comparable
with those of the N outflow from shallow groundwater.

4. Discussion

Our results indicate that soil denitrification is the major ter-
restrial N removal process, thus confirming results from

other studies [21]. Denitrification in groundwater (23-25%
of the N leaching from soils) and riparian areas (11-13% of
N inflow from groundwater) is, here, estimated to be much
less than in soils (42-45% of the soil N budget). This is
because the denitrification potential in groundwater is
strongly limited by the availability of electron donors. The
denitrification potential in riparian areas is limited by their
relatively small area, by the geohydrological setting, that
determines the residence time and contact with organic-rich
riparian soils.

Our global soil denitrification estimates (58—79 Tg N yr !
for 1970-2000) are at the low end of the range of estimates
from literature (table 2). The main reasons for our low esti-
mate are the revised estimates for biological N, fixation in
natural ecosystems (§2(a)), and the arid regions, where we
calculated a N surplus of about 20 Tg N yr ' owing to our
estimation of minimal denitrification under these conditions
(see figure 4 and electronic supplementary material, S5).

Modelled long-term storage of N in deep groundwater
systems is consistent with observations in intensively mana-
ged agricultural land in, for example, China and France
[27,28]. More generally, contamination of groundwater with
nitrate is a wide-spread phenomenon [29], indicating that
the removal rate of reactive N via denitrification has not
kept pace with accelerated N cycling during the last decades.

Any global estimate of N,O emissions is fraught with
potential errors, and the global estimates based on different
methods for croplands range from 2.1 to 3.2Tg N,O-
N yr . The estimates presented in this study are within the
range of uncertainty of the various models used (see the
electronic supplementary material, table S7). The results of
our model indicate that riparian areas may be an important
global source of N,O, but to our knowledge no other global
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estimates for riparian zones are available for comparison.
Regarding the N,O fraction of the N inflow, our estimate of
0.02 is within the range of estimates in the literature (see
the electronic supplementary material, table S4).

We discuss some aspects of the uncertainties in our soil N
budgets, denitrification in soil, groundwater and riparian
zones and N,O emissions. Comparison of different datasets
on global spatially explicit soil N budgets showed that there
are important differences in the spatial allocation of biological
N; fixation, atmospheric N deposition and the output terms
crop N withdrawal and NH; volatilization [30]. Furthermore,
uncertainty analysis within the agricultural system showed
that livestock N excretion rates and NHs emission rates from
animal houses and storage systems are consistently the most
important parameters in most parts of the world [31].

The assumption of a static soil N pool is important in all
landscape components, as illustrated by the sensitivity to
variation in the N budget (see the electronic supplementary
material, table S6). Accounting for the current N release
from soil organic matter loss of 25 Tg yr~ ! owing to defores-
tation [32] would increase the estimated global N budget and
thus, total denitrification by 12 per cent.

One of the largest uncertainties in estimating the N cycle is
the amount of reactive N that is converted to N, in the process
of denitrification [1]. As the concentration of N,, the largest
component of the atmosphere, cannot be used to derive N;
emissions in a top-down approach, the only methods to
estimate global denitrification are the upscaling of field
measurements and the application of denitrification models.
Most field methods for determining denitrification rates have
serious potential flaws, and measured denitrification rates
are, therefore, only proxies for actual denitrification rates
([33]; electronic supplementary material, S1). Available
methods have various problems; they change substrate avail-
ability or disturb the physical conditions of the process, lack
sensitivity or are time consuming and expensive. The measure-
ment of denitrification is also difficult owing to the high spatial
and temporal variations in terrestrial environments. Mass bal-
ance and stoichiometric approaches seem most suitable to
constrain denitrification estimates at larger spatial scales [33].

Models for estimating soil denitrification range from the
scale of micro-sites and microbial dynamics to simplified factor-
ial approaches used at global scales [12,34]. Not surprisingly,
model comparison reveals strong differences in the results,
indicating considerable shortcomings in current knowledge of
scaling effects on soil denitrification and its controlling
variables in models.

Compared with other soil denitrification models [34], the
model applied in this paper is simple, computing denitrifica-
tion based on soil N budgets as a function of temperature,
soil water, organic matter, texture and drainage. Apart from
uncertainties in soil N budgets, the soil denitrification
model is most sensitive to the N availability (soil N
budget), water flux and temperature (see the electronic
supplementary material, table S6).

In groundwater, the continued availability of electron
donors for denitrification will depend on its source. If
dissolved organic carbon (DOC) leaches from soils in signifi-
cant amounts, there will be a continuous supply of electron
donors with the incoming NO;. The importance of DOC
as an electron donor in aquifers depends on the subsurface
setting [35]. Where solid phase components, such as organic
matter and pyrite in the aquifer matrix are dominant [36], the

electron donors are not replenished and can gradually be
depleted with time [7]. Recent studies confirm the important
role of pyrite for NO; removal in groundwater [35].

Owing to lack of information on the availability of organic
matter and pyrite, the conceptual model approach used in this
paper applies lithology as a proxy for denitrification potential
in groundwater, represented by the half-life of NO5 . The travel
time determines the disappearance of NO3 and the outflow to
surface water or riparian areas. The model assumption of no
denitrification in deep groundwater may be incorrect if NO3
moves to deep groundwater in sedimentary deposits contain-
ing reactive organic matter and pyrite. However, the
sensitivity of modelled river loading due to variation of the
half-life of nitrate in deep groundwater is relatively small
(see the electronic supplementary material, table S6).

Riparian processing is a spatially explicit phenomenon
based on the interaction of NO3 in groundwater with the bio-
logically active zone of the riparian area [37]. There are large
uncertainties in our estimates of the by-pass flow (which can
occur when groundwater intersects with the ground surface
and emerges as a “seep’), and deep flow below the microbially
active portion of soil that emerges below the river, i.e. under-
flow. By-pass flow through highly permeable coarse-grained
sediments such as gravel and sand can also significantly
reduce the denitrification capacity owing to shorter residence
time and low organic matter contents. Effective nitrate removal
in riparian zones of more than 90 per cent is predominantly
found in glaciated areas where permeable surface soils are
underlain with an impermeable layer at a depth of 1-4 m [37].

Modelling riparian processes requires spatial information
on their hydrogeological conditions. Even detailed maps
(1:10000 to 1:20000) to determine the topography of ripar-
ian areas have limitations [19], and it is impossible to know
the location of riparian areas at the 0.5° x 0.5° resolution of
this study. With all the simplifications in the simulation of
the N inflow to riparian areas and denitrification, the
model results are a first attempt to quantify global denitrifica-
tion and N,O emissions, showing strong sensitivity to total
water flow, soil N budget and N inflow from shallow aquifers
(see the electronic supplementary material, table S6).

Turning to N,O emissions, we see several causes of uncer-
tainty. The fraction of N lost as N,O from nitrification, nitrifier
denitrification or denitrification often shows a strong nonlinear
relationship with the controlling factors, which makes upscal-
ing difficult. In order to estimate direct N,O emissions,
measurement data at the field scale have been used to derive
relationships between controlling factors and N,O emissions
with statistical techniques [38,39], neural networks [40] or
using process-based models [41]. Contrary to N, the emissions
of N,O at larger scales can be evaluated with top-down
(inverse) modelling of N,O emissions [42].

The statistical approach used here to estimate N,O emission
from soils [39] has a model uncertainty of —40 to +70 per cent.
This uncertainty does not include the potential errors related
to the upscaling and the spatial data used that are difficult to
quantify. Our estimate for N,O emissions from groundwater
under agricultural soils is lower than that based on the IPCC
method [20], primarily because our simulated N leaching of N
inputs for 2000 is smaller (24%) than that proposed by the
IPCC (30%). The IPCC emission factor approach represents
the combined emission from groundwater and riparian zones,
although recent studies [43] suggest that the N,O production in
groundwater alone may be close to the IPCC value. In addition,
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the IPCC approach represents the N,O emission from N during
its travel time in groundwater; this is not consistent with the
denitrification and N,O emission estimates for soil and riparian
zones, which represent a specific year. However, with half-life
values of 2-5 years, and assuming that the year-to-year
change of the N inflow to groundwater is small, this error is
acceptable when compared with all other uncertainties.

Predictions of N,O emissions from riparian zones are com-
plex, as denitrification controls both the production and the
consumption of this greenhouse gas. Uncertainty exists on
how N,O transported by shallow groundwater through the
subsoil contributes to the surface N;O emissions from riparian
zones. As groundwater comes to the soil surface in these zones,
outgassing of N,O can be significant. However, soil conditions
in riparian zones can be favourable for denitrifier activity, and
significant NyO consumption may occur in the topsoil [44].
N,O can also result from nitrification or nitrifier denitrification
[45], particularly at the upland edges of the riparian zones
where soil conditions are oxic and ammonium concentrations
high owing to direct agricultural inputs. Furthermore, soil acid-
ification from nitrifier activity may lead to an increase in N,O
emission by reducing denitrifier N;O consumption.

5. Concluding remarks

Despite large uncertainties in our model approach, we con-
clude that N removal by denitrification as a fraction of the
N inflow has not changed in the continuum formed by
soil-groundwater—riparian zones during the twentieth

century. This implies that the transfer of N from land to sur-
face water has increased roughly at the same rate as the
increase in the N budget.

In terrestrial systems, denitrification in soils is the primary
N removal process, followed by groundwater and riparian
zones. Our model shows that the removal of reactive N via
denitrification from terrestrial and aquatic systems has not
kept pace with accelerated N inputs into agriculture.

Our attempt to simulate riparian denitrification and N,O
emission is the first ever done, and indicates that riparian
zones may be an important landscape element for N removal
at the global level; given the conditions in many riparian
areas, with incomplete denitrification accompanied by
high fractional N,O production, global N,O emissions from
riparian areas may exceed those from groundwater.

The scenarios indicate that the gradual increase of reactive
N transfer to surface waters and the atmosphere will continue
in the coming decades, unless drastic improvements in
agricultural management occur. This may have important con-
sequences for biogeochemistry in river networks and coastal
seas, inducing a series of processes, such as stimulation of
plant growth, algal blooms, decomposition, burial and hypoxia.
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