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S1. Denitrification and N,O flux measurements
Denitrification is mainly a microbiological process in which nitrate (NO5’) is anaerobically
reduced to nitrite (NO5"), nitric oxide (NO), the greenhouse gas nitrous oxide (N,O) and di-
nitrogen (Ny):

NO; - NO, - NO - N,O0 > N, (S1)

Soil denitrification rates are generally estimated using indirect methods, because of the near
impossibility to measure accurately the increase in N, concentration produced by
denitrification relative to the high ambient atmospheric N, concentration. The conventional
method is the measurement of NO5™ disappearance, assuming that this removal is exclusively
through denitrification. This is not correct when other loss pathways play a role, for example
leaching or NHj; volatilisation. A second common procedure is the acetylene inhibition
technique [1], in which acetylene inhibits the final step in denitrification, and denitrification is
assumed to be equivalent to N,O production. However, this technique can both significantly
underestimate [2] or overestimate [3, 4] denitrification rates. A third method makes use of "N
labelled NO5™ and the measurement of N,O and 15N2. Under controlled conditions,
measurements can be made of the increase of N,O and N, following the replacement of the
soil atmosphere by helium. A fourth approach is the N-balance method, where the N inputs
and outputs for a given area can be measured and, generally, denitrification is the
unaccounted for part of the balance. The N balance method generally comprises a prolonged
period (for example, a complete growing season). Hofstra and Bouwman [5] showed that the
N balance approach generally yields higher denitrification estimates than other techniques.
The uncertainty in the determination of each of the terms in the N balance is high and the
overall result of the balance is sensitive to minor variation in inputs or outputs, and not always
all sources and sinks are taken into account. Finally, under controlled conditions in the
laboratory, the end products of denitrification, including N,, can be measured directly,
following replacement of the ambient N,-rich air in incubation vials with helium (He).
However, the results of such controlled-condition experiments are difficult to translate to
practical conditions in the field [6].



Generally, the concentration of excess N produced by denitrification in groundwater is
estimated by comparing the measured concentrations of Argon (Ar) and N, with those
expected from atmospheric equilibrium, assuming that Ar is a stable component [7, 8].
Measuring excess N, is complicated by variations in recharge temperatures and the
entrapment of air bubbles near the groundwater surface, leading to varying background
concentrations of dissolved N, in groundwater due to contact of the water with atmospheric
air [8] or losses by degassing [7]. Local fluxes of N,O are often measured in vented, closed
chambers [9, 10] using a gas chromatograph with ECD detector or with an infrared gas
analyser (IRGA) [11-13]. If the flux chambers are attached to pre-installed, permanent frames
this will minimize disturbance of the soil structure and reduce errors due to soil compaction
and forced diffusion.

S2. The IMAGE model

The objective of the Integrated Model for the Assessment of the Global Environment
(IMAGE) version 2.4 model [14] is to explore the long-term dynamics of global
environmental change. The model consists of several modules. General economic and
demographic trends for 24 world regions drive human activities. Regional energy
consumption, energy efficiency improvement, fuel substitution, supply and trade of fossil
fuels and renewable energy technologies are simulated with the The IMAGE Energy Regional
Model (TIMER) model [15] to calculate energy production, energy use, industrial production,
emissions of greenhouse gases, ozone precursors and sulphur. Ecosystem, crop and land-use
models are used to compute land use on the basis of regional consumption, technological
developments, production and trading of food, animal feed, fodder, grass and timber, and
local climatic and terrain properties.

Greenhouse gas emissions from land-use change, natural ecosystems and agricultural
production systems are computed as well as the biosphere-atmosphere exchange of carbon
dioxide (CO,). The atmospheric and ocean models calculate changes in atmospheric
composition by employing the emissions and by taking oceanic CO, uptake and atmospheric
chemistry into consideration. Subsequently, changes in climate are computed by resolving
oceanic heat transport and changes in radiative forcing by greenhouse gases and aerosols. The
ecosystem and crop growth models of IMAGE account for feedbacks of climate change and
rising atmospheric CO,.

Although IMAGE 2.4 is global in application (with data and scenarios at the scale of world
regions), it performs many of its calculations on a terrestrial 0.5 by 0.5 degree resolution (crop
yields and crop distribution, land cover, land-use emissions, nutrient surface balances and C
cycle). Data from many different sources are used to calibrate the energy, climate and land-
use variables over the 1970-2000 period.

Contrary to the original Millennium Ecosystem Assessment (MEA) scenarios described in
Alcamo et al. [16] where IMAGE version 2.2 was used [17], here we use an update (version
2.4) of the IMAGE model for simulating land use and nutrient distributions [14]. The major
improvements relevant to this study, compared to IMAGE 2.2, include the new land-cover
inventory [18], the base year which was updated to the year 2000 (1995 in IMAGE 2.2), the
modeling of land-use changes based on a larger number of world regions, an improved
description of livestock production systems and the calculation of surface nutrient balances
[14].

S3. Scenarios

The four scenarios of the Millennium Ecosystem Assessment (MEA) [16] describe
contrasting pathways for the future development of human society and ecosystems. The MEA
scenarios are therefore a good basis for expanding them with scenarios for future agricultural
nutrient inputs and outputs and nutrient cycling in natural ecosystems. The scenarios are
described in comprehensive datasets including greenhouse gas emissions, climate, land use,



etc. Climate data were used by Fekete et al. [19] to compute the runoff fields that, together
with land use and climate, form the basis of the calculations in this study.

The Millennium Ecosystem Assessment used four scenarios: Global Orchestration (GO),
Order from Strength (OS), Technogarden (TG) and Adapting Mosaic (AM). GO portrays a
globally connected society that focuses on global trade and economic liberalisation and takes
a reactive 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.

In contrast, OS is a regionalised and fragmented world, concerned with security and
protection, with the emphasis primarily on regional markets, paying little attention to public
goods, and taking a reactive approach to ecosystem problems.

TG is a globally connected world relying strongly on environmentally sound technology,
using highly managed, often engineered, ecosystems to deliver ecosystem services, and taking
a proactive approach to the management of ecosystems in an effort to avoid problems.

In AM, the fourth scenario, regional watershed-scale ecosystems are the focus of political and
economic activity. Local institutions are strengthened and local ecosystem management
strategies are common; societies develop a strongly proactive approach to the management of
ecosystems based on simple technologies. The major drivers relevant to land use and
agriculture are discussed below.

Based on the scenario storylines and attitude towards the environment, the regional scenarios
for the use of N fertilisers are based on efficiency of N use in crop production (Table S1).
This efficiency is the ratio of harvested crop dry matter production to N inputs [20]. For
constructing the regional scenarios for fertiliser use, we distinguish countries with a current
nutrient surplus (industrialised countries and a number of developing countries like China and
India), and countries with a deficit, i.e. the crop uptake exceeds the inputs leading to
degradation of soil fertility.

Fertiliser use efficiency is assumed to increase to a varying degree in industrialised countries,
China and India, while in most developing countries fertiliser use will increase (with an
apparent decrease in fertiliser use efficiency, similar to developments in industrialised
countries in the period 1950-1980 [21]) (Table S1).

We used regional data from the FAO Agriculture Towards 2030 study [22] as a guide.
Increasing fertiliser use efficiency in industrialised countries is most rapid in the
Technogarden and Adapting Mosaic scenarios, based on the attitude towards environmental
issues. Also, increasing fertiliser use to avoid soil degradation in developing countries is more
important in the Technogarden and Adapting Mosaic scenarios.

The scenarios assume, depending on the economic growth, a gradual increase of livestock
production in mixed and industrial systems relative to pastoral systems, leading to increasing
amounts of manure stored in animal houses and storage systems.

The scenarios differ in the relative importance of pork and poultry versus ruminant meat,
mixed and industrial production, and grazing versus the concentrated feed-dependent
production of ruminants. Apart from the impact of such changes on the productivity, the milk
and meat production per animal is also assumed to increase; consequently, the excretion per
unit of product will decrease. These changes are most rapid in the Global Orchestration and
Technogarden scenarios. Improved manure recycling in the total agricultural system is
assumed to play an important role in the Adapting Mosaic scenario. Lower meat and milk
consumption is a typical feature of the Technogarden scenario compared to the Global
Orchestration scenario.



S4. Hydrology
Total runoff is divided into surface runoff and excess water flow:

Qtot = ero + Qeff (Sz)

where O, is surface runoff (m yr'l), Qe 1s the excess water flow from the soil (m yr'l).
Surface runoff is a large part of total runoff in steep areas or in flat terrain with sealed
surfaces (e.g. urban areas) or in areas covered with an impermeable topsoil. In our model this
is reflected by a slope dependent runoff factor (foso(slope), no dimension), which is fitted to
the slope-runoff classification for unconsolidated sediments according to Bogena et al. [23]:

str‘o (Slope) =1- 370'00617(MAX[1’SD (S3)

where S is the slope in m km', Jasro(slope) (no dimension) is the median value within each 0.5
degree grid cell; median value is obtained from 90 by 90 m resolution digital elevation map.
Factors that reduce surface runoff are land use and soil texture [24, 25]. Apart from slope,
surface runoff is influenced by soil texture and land use (foso(texture) and foso(landuse),
respectively, both dimensionless):

stro = stro (SIOPe) stro (texture) stro (landuse) (S4)
ero = stro Qtot (SS)

Surface runoff reduction is smallest (10%) in soils with very fine topsoil texture
(fosro(texture)=0.9), somewhat larger (25%) for loam and sandy loam (foso(texture)=0.75), and
and largest (75%) for coarse sand and peat (fq (texture)=0.25). Furthermore, surface runoft is
not limited in arable land (foso(landuse)=1.0), reduced by 75% in grassland (fos.(landuse)
=0.25) and 87.5% in natural vegetation (foso(landuse)=0.125).

After infiltration, groundwater flows laterally to ditches and streams or vertically to deeper
groundwater layers. This process is described by distinguishing two groundwater subsystems,
similar to Van Drecht et al. [26], De Wit and Pebesma [27] and De Wit [28]. The shallow
groundwater system represents the upper 5 metres of the saturated zone and is characterised
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 [29] is defined where a deeper ground water flow is
present. Deep groundwater is assumed to be absent (i) in areas with non-permeable,
consolidated rocks; (i) in the presence of surface water (rivers, lakes, wetlands, reservoirs);
(ii1) in coastal lowlands (<5 m above sea level), where we assumed (artificial) drainage or
high groundwater levels. 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.

The excess water flow Q. is divided into interflow (shallow system) and groundwater runoff
(deep system):

Qeff = Qtot - ero = Qint + ngb (S6)
where Oy, is interflow through the shallow system (m yr'), and QOgwp 1s the groundwater

runoff through the deep system (m yr'). Qg is calculated from the fraction fogws of Qerr that
flows towards the deep system:

ngb = ngwb (p) chf (S7))
where p is the effective porosity (-) (Table S2). We assume that the deep layer (if present) has
the same soil characteristics as the surface layer.

S5. Soil denitrification
For positive values of the N budget (main text equation 1), denitrification in the top 1 m of
soil (or less for shallow soils) is calculated as a fraction fgensoil [26]:



den,soil = ﬁen,soil MAX(O’ Nb - Nsro) (SS)

where Ny, is the N loss by surface runoff, calculated on the basis of slope using the approach
of Bogena et al. [23], and further modified by land use and soil texture, i.e. factors that reduce
surface runoff according to Velthof et al. [24, 25]:

Nsro = stro Csro N

mp

where Ny, is the N in surface runoff (kg km™ yr'l), Ninp 1s the N input from fertiliser and
animal manure including spreading and grazing, biological N, fixation by leguminous crops,
atmospheric deposition (kg km? yr'l) and fosro 1s the overall runoff fraction (equation S4). Cy,
(no dimension) is a calibration constant (0.5) so that N, results match the model of Velthof et
al. [24, 25].

udget

(89)

fden,soil = MIN[(f‘climate + f‘text + fdrain + f‘soc )’1] (SlO)

where foimate (-) Tepresents the effect of climate on denitrification rates, combining the effects
of temperature and residence time of water and NO5’ in the root zone; frext_farain and fsoc (-)
(Table S3) are factors representing the effects of soil texture, soil drainage and soil organic C
content, respectively. The factor fjimae 1 calculated as:

f‘climate = fKT;,so (Sl 1)

where fx (-) is the temperature effect on denitrification, 7;, (yr) is the mean annual residence
time of water and NOj; in the root zone. The temperature effect fi is calculated according to
the Arrhenius equation [30-32]:

fi =17.94-107 exp(l_:;(] (S12)

where e, is the activation energy (74830 J mol™), K the mean annual temperature (Kelvin) and
R is the molar gas constant (8.3144 J mol”' K'). The mean annual residence time of water in
the root zone is given by:

tawc
T, = (S13)

Qeff
where tawc (m) is the soil total available water capacity for the top 1 m (or less if soils are
shallower) and Q. is defined in equation (S6). We assume that the residence time of NO5
equals that of water based on the high mobility of NO; in soils. For agricultural soils under
crops in dry regions we assume a minimum value for 7}, of 1.0; in dry regions agricultural
crops can not grow without irrigation, and this is represented by assuming a total water supply
equal to the soil water capacity.

This formulation implies that in arid regions residence time is long, resulting in values of
Setimate and fgen soil €qual to one, suggesting that 100% of the N surplus is removed by
denitrification. In arid regions this is not realistic, since there are various fates of N, including
accumulation of nitrate in the vadose zone below the root zone [33], surface runoff, ammonia-
N volatilisation, nitrification, denitrification [34]. It is not possible to quantify the relative
contribution of each process [34], but it is clear that only a negligible part of N surpluses in
arid climates is lost by denitrification. We therefore assume that the fate of the N surplus is
determined by other processes than denitrification in soils under natural vegetation and
grassland and with annual precipitation <3 mm. The global amount of this N surplus in the
3100 Mha of arid lands was 20 Tg in the year 2000 (see main text, Figure 4).

The factors for fiexs, farain, a0d fsoc account for the soil water and O, status (Table S3).
Anaerobic conditions favouring denitrification may be more easily reached and maintained
for longer periods in fine-textured soils than in coarse-textured ones. This is because fine-
textured soils have more capillary pores and hold water more tightly than sandy soils do. The
factor fy.i;, accounts for soil aeration, and denitrification rates are generally higher in poorly
drained than in well-drained soils [35]. The soil O, status is also influenced by root respiration
and microbial activity. Oxygen consumption by microorganisms is driven by temperature,



supply of C, and water availability. Temperature and soil water are represented in fjimate; We
therefore use soil organic C content as a proxy for the C supply. The values used for fiex, firain
and f;,. are given in Table S3.

S6. Computing N,O emissions from soils

Nitrous oxide emission from soils under natural vegetation is calculated with the regression
model presented by Bouwman et al. [35]. N,O emission from fertiliser application and
spreading of animal manure in agricultural land are calculated with a regression model based
on 846 series of measurements in agricultural fields [36]. The model is based on
environmental (climate, soil organic C content, soil texture, drainage and soil pH) and
management-related factors (N application rate, fertiliser type, crop type).

S7. Groundwater transport and denitrification

The role of urbanised areas is neglected, because the total area of urbanised land is about
0.3% of the total land area of countries [37]. We note that loss of N to the environment can be
substantial in urbanised areas, where sewerage systems are either well-developed or absent
[e.g. (38, 39-41]. The role of natural NH, in groundwater is also neglected, which is justified
by the observation that the median NH, concentration in groundwater of 25 European aquifers
is 0.15 mg I"' [42], which is low (0.7-1.2%) compared to present-day agricultural
contamination of groundwater with nitrate, for example in Europe [43].

The difference between the soil N budget, N in surface runoff and denitrification leaches from
the root zone to groundwater (if present):

N :Nbudget _Nsro _Nd (814)

The NO;™ concentration in the excess water leaching from the root zone is calculated from the
leached N and the excess water flow (Q.s, equation S6):

N
C, (0)=—l=t (S15)
Qeff
After infiltration, groundwater flows laterally to ditches and streams or vertically to deeper
groundwater layers. The shallow groundwater system represents the upper metres of the
saturated zone (typically 5 m) and is characterised by short residence times before water
enters local surface water at short distances or infiltrates the deep groundwater system.

leach en,soil

We assume that no denitrification occurs in the deep groundwater system. We note that some
denitrification could be expected with sedimentary organic matter and pyrite, but also that a
bias exists in the literature for sites with rapid denitrification [44], which makes assessment at
the global scale difficult.

The NO;™ concentration in groundwater depends on the historical year of infiltration into the
saturated zone and the denitrification loss during its transport [8, 26]. Outflow concentrations
of N compounds depend on reaction progress. Therefore the time available for denitrification
needs to be known. Since we use a time step of one year, seasonal changes in groundwater
level are ignored, and mean travel time T, depends on the ratio between specific
groundwater volume and water recharge:

T,,.(t) = MIN[ _ PP 0007 (S16)
inflow

where p is the effective porosity (m* m™), D is aquifer depth (m) (Table S2) and Qigow is the
water recharge of shallow groundwater, Oy, or recharge of deep groundwater, Qgyp (m vh.
Effective porosity is estimated based on the lithological class (Table S2). The deep system is
fed by a vertically draining shallow system (main text, Figure 1). The travel time distribution
for vertical flow in the shallow system is uniform so travel time equals mean travel time. For
lateral flow to surface water, travel times are highly variable. Meinardi [29] describes travel
time distribution for lateral flow in a vertical cross section as follows:



8uee(2)=-T,,, In(1-(z/ D)) (S17)

where z is the depth (m; z =0 at the top and and z=D at the bottom of the aquifer), g,s is the
age of groundwater at depth z (yr), T} .4 is the mean travel time over the thickness of the
aquifer (yr). For shallow groundwater (sgrw) we assume Dy = 5 m, and for the deep
groundwater (dgrw) layer (if present) Dggry = 50 m [29].

Denitrification during transport in the shallow system along each flow path in a homogeneous
and isotropic aquifer, drained by parallel rivers or streams, is described by a first order
degradation process. At time t and at depth z the outflow concentration is:

C(t,2) = Cy(t — g (2)) €= (S18)
where the decay rate k is:
= ln(l (S19)
dt50

den

The NO; concentration in the inflow to deep groundwater (Cy(t)) is the outflow from the
shallow groundwater system. The half-life of NO;™ in the shallow system dz50q., depends on
the lithological class [45], with low values (1 year) for silici-clastic material, 2 years for
alluvial material, and, 5 years for all other lithological classes. For dt50,., = 2 and a travel
time of 50 years, the NO;™ concentration will be reduced by ¢***” which is close to 3 x 107,

S8. Denitrification and N,O emission from riparian areas

For riparian areas, pH is one of the key parameters controlling denitrification rates [46, 47],
next to to temperature, water saturation, NO5 availability and soil organic carbon availability.
Under controlled conditions using pure cultures, denitrification activities have been shown to
have an optimum at pH 6.5 to 7.5, and decrease at both low (below 4) and high (above 10) pH
values.

Our model is based on observed inhibition of denitrification at low soil pH, and the high N,O
fractions when denitrification is inhibited [48, 49]. Hence, the fraction N,O of total riparian
denitrification is high when conditions limit denitrification, and low for optimal conditions for
denitrification. Field measurements show a wide range of N,O emissions from riparian areas
(Table S4) indicating that these areas can be both sources and sinks for N,O. In general,
however, fluxes from riparian areas are found to be low compared with agricultural soils.
Fractions of N,O relative to the total denitrification end product (N,+N,0O) range from 0.3 up
to 73% (Table S4).

The denitrification potential in riparian zones is based on the characteristics of the
groundwater flow, soil and climate. Denitrification in riparian zones is calculated using the
same approach as discussed for soil denitrification; in addition, we assume that heterotrophic
denitrification is dominant and is highest at pH>7 (Figure S1a). A dimensionless
denitrification pH reduction factor fgenpirip is commonly included in denitrification models.
This factor assumes a value of 1 at pH >7 and values of 0 at pH < 3.

Nden,rip = fden,rip Nin (820)

fden,rip = MIN[(f;:limate + ﬁexl + fdrain + f;oc )’1] fdean,rip (Szl)

The N, entering the riparian zone is the residual in the shallow groundwater layer after
denitrification has been accounted for. The factor f;jimae includes the temperature effect fi
(equation S12) and the travel time 7, of water and NOs™ through the riparian zone. T, is
calculated as follows:
D tawc
Ty =—p—— (S22)
Qint
where tawc is the available water capacity for the top 1 m, and D, is the thickness of the
riparian zone (Dyp = 0.3 m of soil, or less for shallow soils), and Qi is the interflow leaving



the shallow groundwater system and flowing through riparian areas. Thus, 7, is short where
the water flux is large or where the soil layer is thin.

All interflow (if present) in a grid cell is assumed to flow towards streams through riparian
zones (main text, Figure 1), except in (fractions of) grid cells with surface water bodies, such
as wetlands, lakes or larger streams, where shallow groundwater by-passes riparian zones.

N,O emission is calculated from the denitrification rate and local soil pH:
NZOrip = f;ien,rip (1 - f;ien,rip) fN20pH,rip Nin (823)

Where faaoph,rip 18 the fraction N,O fraction of total denitrification as a function of soil pH
(Figure S1Db).

S9. Other land based human-managed denitrification

Additional land-based denitrification occurs in manure storage systems, wastewater treatment
plants and wetlands. Reliable data on manure storage conditions are not available, particularly
for the early 20" century. We assumed that in 1900 all stored animal manure was solid
manure, although a fraction of the liquids (urine) may have seeped into the soil. In 2000 and
2050 we assumed that 50% of the stored manure for cattle was solid, and for pigs 20%. This
may underestimate the amount of slurries in European countries and other industrialised
countries. Denitrification is calculated as 20% of the N in solid manure, accounting for NH3
losses. Denitrification in manure storage systems thus calculated increased from 2.5 Tg N yr'
in 1900 to 5 Tg N yr’" in 2000, and will further increase to up to 10 Tg N yr’' under the Global
Orchestration scenario in 2050.

For wastewater treatment systems we used data from Van Drecht et al. [50] for the period
1970-2050 (Figure S2). Assuming that all N removal is by denitrification, denitrification
during wastewater treatment amounted to 2.7 Tg N yr' in 2000, and this may increase to up to
12 Tg N yr'' in 2050 under the Global Orchestration scenario. It is not currently possible for
us to estimate denitrification in human-managed wetlands due to a lack of information on how
much N is involved.

S10. Sensitivity analysis

The sensitivity of the model to 17 model parameters was investigated for nine output
variables representing global results for river N delivery the year 2000 (Table S5). In order to
limit computational load in the sensitivity analysis, the Latin Hypercube Sampling (LHS)
technique [51] was used. LHS offers a stratified sampling method for the separate input
parameters, based on subdividing the range of each of the k parameters into disjunct
equiprobable intervals based on a uniform distribution. By sampling one value in each of the
N intervals according to the associated distribution in this interval, we obtained N sampled
values for each parameter. The number of runs N was 400.

The sampled values for the first model parameter are randomly paired to the samples of the
second parameter, and these pairs are subsequently randomly combined with the samples of
the third source, etc. This results in an LHS consisting of N combinations of k& parameters.
The parameter space is thus representatively sampled with a limited number of samples.

LHS can be used in combination with linear regression to quantify the uncertainty
contributions of the input parameters to the model outputs [51, 52]. The output Y considered
(see columns in Table S6) is approximated by a linear function of the parameters X; expressed
by
Y=Ly +pX +5X, -+ X, +e (524)

where f; is the so-called ordinary regression coefficient and e is the error of the
approximation. The quality of the regression model is expressed by the coefficient of
determination (R?), representing the amount of variation Y explained by Y - e. Since £3



depends on the scale and dimension of X;, we used the standardised regression coefficient
(SRC), which is a relative sensitivity measure obtained by rescaling the regression equation on
the basis of the standard deviations oy and ox;:

Oy
SRC, = B, — (S25)
Y

SRC; can take values in the interval [-1, 1]. SRC is the relative change AY/gy of Y due to the
relative change AXj/oy; of the parameter X; considered (both with respect to their standard
deviation o). Hence, SRC; is independent of the units, scale and size of the parameters, and
thus sensitivity analysis comes close to an uncertainty analysis. A positive SRC; value
indicates that increasing a parameter value will cause an increase in the calculated model
output, while a negative value indicates a decrease in the output considered caused by a
parameter increase.

The sum of squares of SRC; values of all parameters equals the coefficient of determination
(R?), which for a perfect fit equals 1. Hence, SRC;*/R” yields the contribution of parameter X;
to Y. For example, a parameter X; with SRC; = 0.1 adds 0.01 or 1% to Y in case R? equals 1.



Supporting information
Figure captions

Figure S1. (a) Reduction fraction (fienprrip) Of riparian denitrification as a function of soil pH
and (b) the fraction N,O of total denitrification as a function of soil pH (fn20pHrip)-

Figure S2. Nitrous oxide emission computed for the year 2000 for (a) soils, (b) groundwater
and (c) riparian zones. Emissions are denoted in N,O-N per grid cell, because the location of
out gassing for groundwater and riparian zones is not known.

Figure S3. Global human N excretion and N removal in wastewater treatment systems for
1970-2000, and 2000-2050 for the four Millennium Ecosystem Assessment scenarios. Based
on Van Drecht et al. [26]
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Table S1. Main drivers of ecosystem change for the Millennium Ecosystem Assessment scenarios from
Alcamo et al. [16] and assumptions for agricultural nutrient management.

Global Orchestration Order from Strength Technogarden Adapting Mosaic
(0S) (TG) (AM)
Brief description
Globalisation, Regionalisation, Globalisation, Regionalisation,
economic fragmentation environmental local ecological
development, security, reactive technology, management with
reactive approach to approach to proactive approach  simple technology,
environmental environmental to environmental proactive approach
problems problems problems to environmental
problems
General trends
World High Medium High
population 2000: 6.1 2000: 6.1 2000: 6.1
(billion) 2030: 8.6 2030: 8.2 2030: 8.5
2050: 9.7 2050: 8.9 2050: 9.6
Income Low High Medium
(annual per 2000-2030:2.6% yr' 2000-2030:1.6% yr"' 2000-2030:2.1% yr' 2000-2030:1.8% yr’'
capita GDP 2030-2050:3.0% yr' 2030-2050:1.3% yr' 2030-2050:2.6% yr' 2030-2050:2.2% yr’'
growth rate)
Global GHG High Low Medium
emissions 2000: 9.8 2000: 9.8 2000: 9.8
(Gt C-eqyr') 2050: 20.3 2050: 7.1 2050: 18.0
Global mean High Low Medium
temperature 2000: 0.6 2000: 0.6 2000: 0.6
increase 2030: 1.3 2030: 1.3 2030: 1.4
°C) 2050: 1.7 2050: 1.5 2050: 1.9
Per capita food High, high meat Low High, low meat Low, low meat
consumption
Agricultural trends®
Productivity Low Medium-high Medium
increase
Energy crops 4% of cropland area 1% of cropland area  28% of cropland 2% of cropland area
in 2050 area in 2050 in 2050

Fertiliser use and No change in
countries with a
surplus; rapid
increase in N and P
fertiliser use in
countries with soil
nutrient depletion
(deficit)

efficiency

No change in
countries with a
surplus; slow
increase in N and P
fertiliser use in
countries with soil
nutrient depletion
(deficit)

Rapid increase in
countries with a
surplus; rapid
increase in N and P
fertiliser use in
countries with soil
nutrient depletion
(deficit)

Moderate increase in
countries with a
surplus; slow
increase in N and P
fertiliser use in
countries with soil
nutrient depletion
(deficit); better
integration of animal
manure and re-
cycling of human N
and P from
households with
improved sanitation
but lacking a sewage
connection.

*Scenarios on the scale of 24 world regions of the IMAGE model; a downscaling procedure is used to
construct spatially explicit scenarios with 0.5 by 0.5 degree resolution. When aggregated to the country
scale, estimates for fertiliser use and livestock production reflect differences between countries in
FAOQO’s Agriculture Towards 2030 [22]; the scenario outcomes vary around the FAO values.



Table S2. Porosity (p), the fraction of excess water flowing to deep groundwater
(foewv(p)), and the half life of NOj;” in groundwater (d504c,) for different lithological

classes.
Lithological class® Porosity ngwb(p)b dt504en
()
m’ m? () Year

1. Alluvial deposits 0.15 0.50 2
2. Loess 0.20 0.67 5
3. Dunes and shifting sands 0.30 1.00 5
4. Non- Semiconsolidated sedimentary 0.30 1.00 5
5. Evaporites 0.20 0.67 5
6. Carbonated consolidated sedimentary 0.10 0.33 5
7. Mixed consolidated sedimentary 0.10 0.33 5
8. Silici-clastic consolidated sediment® 0.10 0.33 1
9. Volcanic basic 0.05 0.17 5
10. Plutonic basic 0.05 0.17 5
11. Volcanic acid 0.05 0.17 5
12. Complex lithology 0.02 0.07 5
13. Plutonic acid 0.02 0.07 5
14. Metamorphic rock 0.02 0.07 5
15. Precambrian basement 0.02 0.07 5

? Lithological classes as defined by Diirr et al. [45].

® foewb(P)=p/0.3, 0.3 being maximum porosity.

¢ Weathered shales containing pyrite.



Table S3. Denitrification fractions for soil texture, soil organic carbon and soil

drainage
Soil texture class fiexe  Soil drainage Sorain Soil organic carbon fsoc
() (-) content ()
Coarse 0.0  Excessively-well drained 0.0 <1% 0
Medium 0.1  Moderate well drained 0.1 1-3% 0.1
Fine 0.2 Imperfectly drained 0.2 3-6% 0.2
Very fine 0.3  Poorly drained 0.3 6-50% 0.3
Organic 0.0  Very poorly drained 0.4 Organic 0.3

Source: Van Drecht et al. [26]



Table S4. Riparian zone N,O emission and emission fractions.

Reference N,O emission Fraction Fraction
(N,O/(N,+N,0))  (N,O/Ninput)

kgNha'y! 0 )

Schipper et al. [53] 6390

Weller et al. [54] 0.04-0.35

Jordan et al. [55] 0.016-1.5 0.055

Jacinthe et al. [56] 0.66-11.0 0.0002

Walker et al. [57] 24.2

Dhondt et al. [58] -1.8-1,5

Hefting et al. [59-61] 2-20 0.08-0.73 0.028-0.058

Oechler et al. [62] 51.6 0.6

Mander et al. [63] 0.44-7.8

Hopfensperger et al. [64] 0.079 0.03

Soosaar et al. [65] 0.4-0.7 0.019-0.03 0.003

Beaulieu et al. [66] 0.0-0.5

Vilain et al. [67] 0.5




Table S5. Model parameters included in the sensitivity analysis, their symbol and description, equation where
they are used, and the standard, minimum, mode and maximum value considered for the sampling procedure.

Symbol Description Equa- Distri- Stan- Min. Mode Max.
tion bution”  dard

Orot Runoff (total) S2 Ul 1.0 0.9 1.1

Temp Mean annual air temperature S12 U2 0.0 -1.0 1.0

Noudgetgrass N budget in grasslands 1 Ul 1.0 0.9 1.1

Noudgeterops N budgets in croplands 1 Ul 1.0 0.9 1.1

Noudgetnat N budget in natural ecosystems 1 Ul 1.0 0.9 1.1

Josro Overall runoff fraction S4 Ul 1.0 0.9 1.1

JQewb Fraction of Q. that flows towards the S7 Ul 1.0 0.9 1.1
deep system

Ciro Calibration constant for N in surface S9 U3 0.5 0.4 0.6
runoff

Josro(grass)  Land-use effect on surface runoff for soils S4 T1 0.25 0.0 0.25 0.5
under grassland

Jaosro(crops)  Land-use effect on surface runoft for soils S4 T2 1.0 0.75  0.995 1.0
under crops

Jasro(nat) Land-use effect on surface runoff for soils S4 T3 0.125 -0.05 0.125 0.3
in natural ecosystems

Dy, Thickness of riparian zone S22 T2 0.3 0.2 0.3 1.0

Dy Thickness of shallow groundwater system S17 U3 5.0 3.0 7.0

Dgr Thickness of deep groundwater system S17 U3 50.0 300 70.0

p Porosity of aquifer material S7, Ul 1.0 0.9 1.1

S16
dt504enserw ~ Half-life of nitrate in shallow groundwater S19 Ul 1.0 0.8 1.2
dt50g4engorw  Half-life of nitrate in deep groundwater S19 T4 0 0.0 20.0 40.0

* Samples values are applied to all grid cells. For sampling, either uniform of triangular distributions
are used. A triangular distribution is a continuous probability distribution with lower limit a, upper
limit b and mode ¢, where a < ¢ <b. The probability to sample a point depends on the skewness of the
triangle. In the case of d£504cn ggrw> ac=bc, and probability to sample a point on the left and right hand
side of c is the same. In other cases, for example fos(crops) is a fraction [0,1], with standard value of
1.0. To achieve a high probability to sample close to 1.0, the triangle is designed with b=1 and ¢ is
close to 1. For some of the above distributions the expected value is not equal to the standard. Since the
calculated R? for all output parameters exceeds 0.99, this approach for analyzing the sensitivity is still
valid. The distributions used are:

Ul. Uniform; values are multipliers for standard values on a grid cell basis.

U2. Uniform; values are added to the standard values on a grid cell basis.

U3. Uniform; values are used as such.

T1. Triangular; values range between 0.125 and 0.5.

T2. Triangular.

T3. Triangular; values range between 0.1 and 0.3.

T4. Triangular; default value represents the mode.Values range between 3 and 40. These values are
used to multiply with the standard values of d504cn serw (because we assume there is no denitrification
in deep groundwater in the standard case).



Table S6. Standardized regression coefficient (SRC)? values representing the relative sensitivity of 9 model variables representing global model results (columns) to

variation in 17 parameters (rows, see Table S5)

Parameter Description N budget N, sro N, den,soil ]vlcach N, out,sgrw N, out,dgrw ]vin,rip Ny bypass,rip N, out,river
Orot Runoff (total) -0.22 0.24 0.31 0.19 0.30 0.31 0.32
Temp Mean annual air temperature 0.50 -0.43 -0.19 -0.19 -0.21 -0.18
Nioudget grass N budget in grasslands 0.33 0.02 0.30 0.21 0.14 0.15 0.10 0.14
Npudgetorops N budgets in croplands 0.65 0.17 0.60 0.54 0.25 0.04 0.25 0.25 0.30
Noudget nat N budget in natural ecosystems 0.73 0.03 0.47 0.67 0.50 0.14 0.51 0.44 0.50
JQsto Overall runoff fraction 0.39 -0.05 -0.11 -0.08 -0.09 -0.03 0.11
Jogwb Fraction of Q¢ that flows towards the deep system -0.12 0.27 -0.12 -0.10 -0.05
Cyo Calibration constant for N in surface runoff 0.78 -0.14 -0.20 -0.14 -0.14 -0.06 0.25
Joso(grass)  Land-use effect on surface runoff for soils under grassland 0.35 -0.06 -0.10 -0.07 -0.08 -0.03 0.10
Jasro(crops)  Land-use effect on surface runoff for soils under crops 0.31 -0.04 -0.09 -0.07 -0.08 -0.03 0.08
Josro(nat) Land-use effect on surface runoff for soils in natural 0.19 -0.01 -0.07 -0.06 -0.07 -0.03 0.03
ecosystems
Dy, Thickness of riparian zone 0.04 -0.20
Deory Thickness of shallow groundwater system -0.65 -0.14 -0.64 -0.71  -0.57
Digr Thickness of deep groundwater system -0.46 -0.09
p Porosity of aquifer material -0.17 -0.14 -0.16 -0.18 -0.16
dt50genserw  Half-life of nitrate in shallow groundwater 0.31 0.08 0.31 0.34 0.27
dt504en gerw  Half-life of nitrate in deep groundwater -0.01 0.00 0.01 0.66 0.01 0.01 0.13

# Cells in with no values represent insignificant SRC values; cells with values show significant SRC, grey colours indicate values -0.2<SRC < 0.2; green and salmon pink
colours indicate values exceeding +0.2 and -0.2, respectively. An SRC value of 0.2 indicates that the parameter concerned has an influence of 0.2°-0.04 (5%) on the model
variable considered.
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Table S7. Nitrous oxide emissions for 1900-2000 [68] and 2030 and 2050 for the four Millennium Ecosystem Assessment scenarios [20] according to the IMAGE model.

Year/scenario Natural Agriculture  Groundwater Riparian Energy Industry  Biomass Rivers Oceans Total
ecosystems burning
1900 6.3 24 0.1 0.6 n.d. n.d. n.d. 0.1 3.0 12.6
1950 5.4 4.0 0.1 0.6 n.d. n.d. n.d. 0.1 3.0 13.2
1970 5.1 5.1 0.2 0.7 0.1 0.7 0.1 0.1 3.0 152
2000 49 6.4 0.2 0.9 0.2 0.4 0.3 0.2 3.0 16.5
2050-GO 5.3 8.8 0.3 1.1 0.5 0.3 0.2 0.2 3.0 19.7
2050-TG 4.8 9.0 0.2 0.9 0.1 0.1 0.1 0.2 3.0 18.4
2050-AM 5.2 7.7 0.2 0.9 0.4 0.3 0.2 0.2 3.0 18.0
2050-0S 4.9 8.7 0.3 1.0 0.5 0.4 0.2 0.2 3.0 19.1

n.d. = no data. Nitrous oxide emissions expressed as Tg N yr'.



Table S8. Global estimates of N,O emission from soils under cropland, grassland and natural
vegetation®,

Reference Cropland Grassland Natural Inventory

ecosystems year/model
N,O-N in Tg yr’'

Bouwman et al. [36] 2.7 (1.6-5.1) 1995/statistical

Stehfest [69] 2.1 1998/ DAYCENT

Stehfest and 3.4 (1.6-6.9) 1995/statistical

Bouwman [70]

Berdanier and 2.3(1.6-3.2) 1995/statistical

Conant [71]

This study 3.2° 2.7 49 2000/statistical

* Excluding N,O emission of 0.5 Tg N,O-N yr' from animal houses and manure storage systems.
® Estimates based on IPCC [72]. are not included; IPCC considers the fertiliser-induced emission
(emission from fertilised plots minus that from unfertilised control plots) and not the total emissions.
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pH effect on denitrification in riparian zones
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