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Abstract

The greenhouse gas (GHG) balance of European grasslands (EU28 plus Norway and
Switzerland), including CO,, CHs and N;O, is estimated using the new process-based
biogeochemical model ORCHIDEE-GM over the period 1961-2010. The model includes: 1) a
mechanistic representation of the spatial distribution of management practice; 2) management
intensity, going from intensively to extensively managed; 3) gridded simulation of the carbon
balance at ecosystem and farm-scale; and 4) gridded simulation of N,O and CH4 emissions by
fertilized grassland soils and livestock. The external drivers of the model are changing animal
numbers, nitrogen fertilization and deposition, land-use change, and variable CO, and
climate. The carbon balance of European grassland (NBP) is estimated to be a net sink of 15 +
7 g C m”yr" during 1961-2010, equivalent to a 50-year continental cumulative soil-carbon
sequestration of 1.0 £ 0.4 Pg C. At the farm-scale, which includes both ecosystem CO, fluxes
and CO, emissions from the digestion of harvested forage, the net C balance is roughly
halved, down to a small sink, or nearly neutral flux of 8 g C m”yr"'. Adding CH, and N,O
emissions to net ecosystem exchange to define the ecosystem-scale GHG balance, we found
that grasslands remain a net GHG sink of 19 + 10 g C-CO, equiv. m~ yr”', because the CO,
sink offsets N,O and grazing animal CH4 emissions. However, when considering the farm
scale, the GHG balance (NGB) becomes a net GHG source of -50 g C-CO, equiv. m™ yr™.
ORCHIDEE-GM simulates an increase of European grassland NBP during the last five
decades. This enhanced NBP reflects the combination of a positive trend of net primary
production due to CO,, climate and nitrogen fertilization and the diminishing requirement for

grass forage due to the Europe-wide reduction in livestock numbers.
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Introduction

Grasslands cover 56.8 million ha (13.2%) of the land area in the EU-27 (Eurostat, 2010). Yet
grassland is not the climax natural vegetation for most parts of Europe (except alpine
grasslands above the treeline and wetlands), it has been established and managed to feed
livestock. Not all pasture is intensively managed. Livestock production involves a variety of
cultivation practices and management strategies, which can be classified as intensive or
extensive management (Souty et al., 2012). Farmers can graze their animals in fields, harvest
grass for forage production, grow fodder crops or buy complementary feed products. The
latter is now common for dairy cattle. Different grassland management practices are often
combined together in the same farm. Nitrogen-rich mineral and organic fertilizer (manure) are
also now commonly applied to European grasslands to maintain the output of animal and
dairy products from grass primary productivity. As a result of these interventions the managed
semi-natural grasslands of Europe generate a set of CO, fluxes exchanged with the
atmosphere: the net balance may be a source or a sink. They are also sources of enteric
methane (CH4) emissions by grazing ruminants (and the decomposition of their excrement)

and of nitrous oxide (N,O) emission from fertilized soils.

European grasslands exchange carbon (C) as CO, between plants and soils, and the
atmosphere by photosynthesis and respiration — fire being negligible. For those grasslands
that are regularly mown to produce fodder, harvested biomass is later returned to the
atmosphere, often within the same farm, in the form of CO, and CH4 emitted by animal
digestion or by manure and slurry decomposition. When grasslands are grazed, biomass
ingested by animals contains digestible and non-digestible organic compounds. The non-

digestible C fraction (25-40%; the actual range reflects the digestibility of the grazed herbage)
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of the intake is returned to the field through excreta (facces and urine). The digestible part is
respired as CO; shortly after intake. Only a small fraction serves to increase animal mass or to
form animal products (e.g., milk and butter) which are exported from the grassland ecosystem
(Soussana et al., 2010). Another small part of the digested C is emitted in the form of CHy4 by
ruminant enteric fermentation. Soil microbial nitrification and denitrification produce N,O in
soil, processes which depend on temperature, pH, moisture and C availability (Maag &
Vinther, 1996; Velthof & Oenema, 1997). The N,O emissions are enhanced by the nitrogen
fertilizer inputs often applied to European grasslands. Given that these fluxes are intimately
linked to diverse agricultural practices, the C and greenhouse gas (GHG) balance of managed
European grasslands cannot be estimated by using ecological principles or data from natural
grasslands. The GHG balance of grassland at local, regional and continental scale is also
profoundly impacted by the nature, frequency and intensity of disturbance (e.g., mowing,

grazing and manure application, see Soussana ef al., 2007).

Several approaches have been used to assessing the C and/or GHG balances of grassland.
Eddy-covariance (EC) measurements provide ecosystem-scale CO, flux observations at a few
European grassland sites (Gilmanov et al., 2007). The C balance and furthermore the GHG
balance have been estimated by combining EC observations with data on the lateral input and
export of C, as well as CHy and N,O measurements (Allard et al., 2007; Soussana et al.,
2007). However, these observation-based estimates usually have limited spatial coverage, and
have only been conducted for short periods (e.g., less than a decade). Repeated soil C
inventories provide another way to measure the cumulative grassland soil C balance over
several years, although they do not measure short-term variability. For example, a national
soil inventory has been running since 1978 in England and Wales (Bellamy et al., 2005), but
soil bulk density was not measured which increased uncertainties in soil organic carbon

(SOC) stock change estimates (Smith et al., 2007). The press by Soussana et al. (2010)
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indicated that grassland C sequestration reaches on average 5 + 30 g C m™ yr' according to
inventories of SOC stocks and 77 g C m™ yr”' for mineral soils according to C flux balance
measurements. In addition, empirical approaches were developed to estimate the C and GHG
balances. Freibauer (2003) assessed the annual direct biogenic emissions of GHGs of
grasslands based on empirical methods and statistics. The simple semi-empirical model
CESAR (Vleeshouwers & Verhagen, 2002) was used to infer a C sink in European grasslands
at continental scale with large uncertainties (66 + 90 g¢ C m™ yr”', Janssens ef al., 2003) using

only yield census data and land-use change induced soil carbon disturbances.

Process-based models that explicitly represent mechanisms controlling carbon cycling in
ecosystems and their water/energy (sometimes nitrogen) interactions are suitable tools to
predict long-term C flux responses to external factors such as climate change and
management. But these models have many parameters that must first be calibrated for
managed grasslands; management processes must also be parameterized. For example, at
European scale, Smith ez al. (2005) predicted either small sources or small sinks of C in
grasslands depending on the chosen IPCC-SRES climate and CO, scenarios, by using the
Roth-C soil organic carbon model (Coleman & Jenkinson, 1996) with net primary
productivity (NPP) calculated by the LPJ model (Sitch et al., 2003) and a yield database
where management practices were not documented. Levy et al. (2007) made a 20-year
spatially explicit simulation with the DNDC model to estimate a CO, sink in European
grasslands, but found a net radiative forcing source when CH4 and N,O emissions were
accounted for. Management practices were represented in DNDC, but were prescribed from
survey data as static drivers for large biogeographical zones. Vuichard ef al. (2007) assessed
the total C sequestration potential, and potential GHG balance using the PaSim process-based
grassland model, with an algorithm that defines management practices to maximize the

production of livestock from NPP in each grid cell. Although their idea of modelling
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management as a mechanism in a process model was appealing, it fell short of reproducing
actual livestock production and a GHG balance, because net primary production is not the
only driver; commercial considerations and policies also determine farmers’ management

strategies.

This study uses the new process-based biogeochemical model ORCHIDEE-GM version 2.1
with an enhanced representation of grassland management derived from PaSim (Chang et al.,

2013, 2015). We tackle the following research questions:

1) What are the carbon and the GHG balance of European grasslands at different scales:

ecosystem and farm?

2)How have the carbon and GHG balance evolved during the past 50 years?

3)What factors drove the temporal evolution of the carbon and GHG balances?
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Material and methods

Model description

ORCHIDEE is a process-based ecosystem model built for simulating carbon cycling in
ecosystems, and water and energy fluxes from site to global scale (Krinner et al., 2005; Ciais
et al., 2005; Piao et al., 2007). ORCHIDEE-GM is a recent version that includes the grassland
management module from PaSim, a grassland model developed for site applications (Chang
et al., 2013). ORCHIDEE-GM version 1 was evaluated at 11 European grassland sites
representative of a range of management practices; some of its parameters were calibrated
with eddy-covariance net ecosystem exchange (NEE) and biomass measurements.
ORCHIDEE-GM proved capable of simulating the dynamics of leaf area index (LAI),
biomass and NEE of managed grasslands, although the performance at cut sites was better
than at grazed sites (Chang et al., 2013). At continental scale, ORCHIDEE-GM version 2.1
was then applied over Europe on a 25 km grid with 3-hourly climate forcing data to calculate
the spatial pattern, long-term evolution and interannual variability of potential productivity
(Chang et al., 2015). The term potential refers here to the productivity that would maximize
modelled livestock production in each grid cell using the algorithm of optimal management
developed by Vuichard et al., 2007. Chang et al. (2015) further added a parameterization to
describe the adaptive management strategy of farmers who react to a climate-driven change of
the previous years’ productivity. At European scale, the grass-fed livestock numbers of each
NUTS (Nomenclature des Unités Territoriales Statistique; Eurostat, 2007) region of the
Eurostat statistical database is well reproduced by ORCHIDEE-GM (R = 0.76; Chang ef al.,
2015). Though a full nitrogen cycle is not included in ORCHIDEE-GM version 2.1, the

positive effect of nitrogen addition on grass photosynthesis, and thus on the subsequent
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ecosystem carbon balance, is parameterized with a simple empirical function calibrated from

literature estimates (Chang et al., 2015).

Grass-fed livestock numbers in Europe

FAOstat (2013) provides annual country-averaged statistical data for dairy cows, beef cattle,
sheep and goats of livestock numbers (with the unit in heads), and meat (carcass weight) or
milk yield, as appropriate. Data are available from 1961 till now. Livestock species are
converted here to livestock unit (LU) based on the calculation of metabolisable energy
requirement, and further feed requirement of each type of animal. In this study, metabolisable
energy requirement, the amount of energy (MJ day™') an animal needs for maintenance and
for activities such as lactation, and pregnancy, were calculated following the IPCC Tier 2
algorithms (IPCC, 2006 Vol 4, Chapter 10, Eqns 10.3 to 10.13; see Supporting information
for detail). One LU is defined as an average adult dairy cow producing 3000 kg milk
annually, with live body weight of 600 kg (Eurostat, 2013; with metabolisable energy
requirement of ca. 85 MJ day’', and with dry matter intake of ca. 18 kg daily calculated in

Supporting information Text S1).

Ruminant livestock are not only fed on grass, they also receive feed and residues (from crop
products). Thus, each year for each country, the observed number (LU) of grass-fed livestock

(Nops) was derived by the equation:

Nobs = Nbeefxfbeef + Ndairyxfdairy + Nsheeprsheep + Ngoatsxfgoats (1)
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where Niees, Naairys Nsheep ad Ngoqrs are the total LU numbers of beef cattle, dairy cows, sheep,
and goats calculated from FAOstat statistics and fheer, faairys fsheep aNd foours are the grass-fed

fraction of each type of animal, taken from Bouwman et al. (2005).

ORCHIDEE-GM is designed to simulate gridded potential livestock density and its temporal
evolution (Chang et al., 2015). Recently, the Hlstoric Land Dynamics Assessment, or HILDA,
data set has been constructed (Fuchs et al., 2013). The data set, which comprises harmonized,
high-resolution historic land-change data for Europe covering the period of 1950-2010, is
well suited for GHG assessments. The modelled potential livestock density (see Chang ef al.,
2015 for detail) in every grid cell of the European continent was combined with the actual
grassland area in each grid cell from the HILDA land-cover map (data from 1961-2010 were
used), each year for each country. The potential grass-fed livestock number (Nyim-po:) 18 then

given by:

Nsim—pot = Z(Di XAi) (2)

where for grid-point 7, D; is the potential livestock density and 4; is the grassland area.

Managed grasslands in Europe: intensive vs. extensive

We describe in this section how different types of management are defined in ORCHIDEE-
GM version 2.1. Although grasslands in Europe are cultivated to produce livestock, they are
not necessarily so intensively managed that they reach their biological potential, i.e., the
maximum number of grass-fed animals that can be sustained by NPP. For example, in

mountain areas, low productivity grasslands can only be extensively managed i.e. as rough
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grazing with only occasional mowing and with very little use of synthetic chemicals or
treatments. In the second half of the 20™ century, widespread abandonment of grasslands was
also common in Europe, especially in central European and Baltic countries, driven by inter-

related political and socio-economic changes, e.g., as reviewed by Joyce (2014).

The net C balance of a grassland (also named net biome productivity, NBP) is significantly
correlated with the total C removed by grazing and mowing (Soussana et al., 2007); this
makes knowledge of management intensity (intensive or extensive) crucial for simulating the
C and GHG balances. The extensively managed grassland, hereafter, represents newly
abandoned grasslands with only occasional mowing or rough grazing. We define two simple
rules to obtain the proportion of intensively/extensively managed grasslands for driving the
ORCHIDEE-GM model, based on total forage requirement by grass-fed livestock numbers,
and on the changes of the proportions in response to changes in productivity. These rules are
based upon two assumptions: 1) N, defines the total amount of forage that must be supplied
by both types of grassland in each grid cell, and 2) the fraction of grassland that must be
intensively managed (as opposed to extensively managed) in each grid cell is used at their
carrying capacity (i.e., livestock density corresponding to the biological potential of the
grassland (Chang et al., 2015)). Therefore, each year and for each country, the proportion of

intensively managed grasslands (f;,;) is expressed as:

_ Nsim—pot/
fint = Ny, 3)

where Nyim-por and N,y are the modelled potential and observed grass-fed livestock numbers

respectively. The proportion of extensively managed grasslands (f..) is then calculated as:

fext =1- fint (4)
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These fractions are calculated for every grid cell of each country. For some years in a few
countries (Denmark, the Netherlands, Belgium, Luxembourg, Hungary, Italy and Greece),
N,ps data suggest that grassland actual production exceeds the biological potential from
ORCHIDEE-GM (N,ps > Ngin). In that case, all the grasslands are assumed to be managed at
their biological potential (i.e., fi,; = 1). Here we assume that high latitude grassland (over
65°N) has no management applied (i.e., extensive agriculture on natural grassland), and this
land is not included in the calculation of Nj;,. Once the proportion of intensively managed
grasslands is defined, the proportion of grazed versus cut grasslands is then calculated each
year by the optimization algorithm of Vuichard et al. (2007) and the adaptive management

response algorithm of Chang et al. (2015).

A detailed land management intensity map of European grasslands at 25 km resolution was
established using Eqns (3) and (4). The map contains the relative yearly fractions of grassland
under different management regimes from 1961 to 2010; it gives the proportions of
extensively, as well as of intensively managed (cut and grazed) grasslands. This map
incorporated in the HILDA land-cover data set defines an enhanced historic land-cover map
delineating grassland management intensity. Our study domain covers 30 countries (EU-28
plus Norway and Switzerland), which are further divided into a number of major agricultural
regions determined by both environmental and socio-economic factors (Table S1, for a

detailed description see Olesen & Bindi ef al., 2002).

Simulation set-up

ORCHIDEE-GM is applied on a grid over Europe using the harmonized climate forcing data

from the ERA-WATCH reanalysis for the period 1901-2010 and at a spatial resolution of 25'
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by 25' (Beer et al., 2014). Mean and standard deviation of the ERA-Interim time series (Dee
et al., 2011) were adjusted according to the WATCH time series (Weedon et al., 2010;
Weedon et al., 2011) by using the overlapping period 1989-2001. The harmonized data set
was spatially downscaled to 25' by overlapping CRU CL2.0 (New et al., 2002) monthly
means to the spatial anomaly of the harmonized data sets for each single climatic variable. An
altitude-based correction was applied for downscaling surface pressure according to a digital
elevation map from CRU CL2.0. This resolution (25' by 25') is sufficient to represent regional

meteorological regimes accurately in low-lying regions, but not in mountainous areas.

The gridded nitrogen application rate for mineral fertilizer and manure for European
grasslands in the European Union (EU27) has been estimated by the CAPRI model (Leip et
al., 2011, 2014). Estimates were based on combined information from official and
harmonized data sources such as Eurostat, FAOstat and OECD, and spatially dis-aggregated
using the methodology described by Leip et al. (2008). The data are estimated at a spatial
resolution of clusters of 1 km by 1 km and were re-aggregated here to a spatial resolution of
25' by 25'. For French regions, we use data from the French national statistics (AGRESTE
statistics, http://agreste.agriculture.gouv.fr). To rebuild the temporal evolution of gridded
nitrogen fertilization from 1901 to 2010: 1) organic fertilizer is assumed to have remained
constant over time; 2) mineral fertilizers were applied since 1951, with application rates
linearly increasing from zero in 1951 to the observed level in 1961; 3) the application rate of
mineral fertilizer then followed the total mineral nitrogen fertilizer consumption of the
European Union (Tenkorang & Lowenberg-DeBoer, 2008). Besides nitrogen fertilizer
application, nitrogen deposition from the atmosphere was considered as nitrogen addition as
well. Gridded nitrogen deposition rates for Europe were taken from the European Monitoring

& Evaluation Programme (EMEP) data set, a product of EU-PF7 project GHG-Europe (data



272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

are available at http://gaia.agraria.unitus.it/ghg-europe/data/others-data): the decadal means

were linearly interpolated to annual values.

The effects of land-use change on the terrestrial C cycle were taken into account in
ORCHIDEE-GM version 2.1. The fractions of each land-use type are updated annually
according to the land-use change maps (in this study, the enhanced historic land-cover map
delineating grassland management intensity described previously). The assignment of C into
different product pools (with different turnover times) and litter reservoirs, caused by the
changes in vegetation (including natural vegetation and crops), is described by Piao et al.

(2009).

In the simulation of the GHG balance it is assumed that European grasslands were managed
from 1901 onwards, and also that the proportions of extensive, cut and grazed grasslands
remained identical between 1901 and 1961 in the enhanced historic land-change map. The
extensively managed grasslands are simulated as natural grassland in ORCHIDEE-GM

because so little management is applied.

The series of simulations is shown in Fig. 1. ORCHIDEE-GM is first run for a spin-up period
without management (simulation E1) by recycling the first 10 years of climate forcing (1901-
1910) in a loop with CO, concentration fixed at the level for 1900 (296 ppm) until an
equilibrium is reached for all the carbon pools at each grid point (long-term Net Ecosystem
Exchange, NEE = 0 at each grid point). This spin-up usually takes 10,000 years. Starting from
soil carbon pools in equilibrium for year 1901 (end of the spin-up) and optimal animal
stocking rates (S,;) and fractions of grazed grasslands (F,,) for the reference period (1901-
1910) from simulation E2, a second simulation (simulation E3) is then conducted for the
period 1901-1960, but with prescribed increasing CO,, variable climate and nitrogen addition,

with the adaptive management change algorithm being activated, and with the enhanced
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historic land-change map (1901-1960). As a final simulation, ORCHIDEE-GM is run on each
grid point during the most recent period 1961-2010 (simulation E4) forced by increasing COs,
variable climate and nitrogen addition, with the adaptive management change algorithm, and
the enhanced land-change map (1961-2010) giving the annual changes in grassland

management.

Definition of carbon and full greenhouse gas budgets

Figure 2 shows the C and GHG fluxes from a grassland. In a natural ecosystem, the NEE
measured by EC equipment is the C gain or loss by the ecosystem, with a negative NEE value

indicating a sink of CO; from atmosphere. In managed grasslands, NEE is calculated as:

NEE = Ry, — NPP + Rynimal (5)

where R is soil heterotrophic respiration, NPP is net primary productivity, and Ruuma 18
respiration from grazing livestock (fire disturbance is neglected because in Europe grassland
fires are rare). However, the C balance of a managed grassland system (NBP) must account
for carbon input and export. The NBP (Schulze & Heimann, 1998; Buchmann & Schulze,
1999; Chapin et al., 2006) is the term applied to the total rate of organic carbon accumulation

(or loss) from ecosystems, and can be calculated for grassland (Soussana et al., 2007) as:

NBP = —NEE + Finput - Fharvest - Fmilk/LW - FCH4 - Fleach (6)
where Fj,p. 1s the flux of C entering the grassland ecosystem through manure and slurry

application; Fhmes 18 the C lost from the grassland ecosystem through plant biomass export
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(mowing) and assumed to be later oxidized and released as CO, to the atmosphere; Fin/zwis
the C lost from the grassland ecosystem though milk production and animal body mass
increase; Fcpy is the C lost through CH4 emissions by grazing animals, and Fj.. is dissolved
C, both organic (DOC) and inorganic (DIC) lost through leaching to river headstreams. In this
study, Fiupu 1s determined by a gridded amount nitrogen addition in the form of manure and
slurry, taken from the nitrogen fertilization map using a fixed C/N ratio for manure (C/N = 15
based on the range from 11.1 to 20.8 reported by Moral et al., 2005); Fhaves:, and Fcpy are
simulated explicitly by ORCHIDEE-GM; the calculation of Fcmy in ORCHIDEE-GM
depends on the amount of digestible fibre in the animal’s diet according to the linear
regression model of Pinarés-Patino ef al. (2007), and is derived from PaSim model (Vuichard
et al., 2007); Fuixrw and Fieqen from the grassland ecosystem are not determined and will be
neglected in the calculation of NBP. These fluxes will be considered in the Discussion.

Positive values of NBP indicate net C accumulation in the ecosystem.

When considering off-site (at farm scale) C fluxes (see Soussana et al., 2010), the harvested
biomass is either lost during transportation, or ingested by animals on the farm. Within the
ingested part, C in the forage can be exported in various ways: 1) respired by ruminants or as
labile C in CO, fluxes, ii) emitted as CHs4 by enteric fermentation or from manure
management, iii) returned to the grassland as fertilizer, iv) exported as animal products (milk
and meat), or v) stored on the farm for future use. In the long-term, none of the harvested C is
stored on the farm — almost all the C in harvested biomass will be exported from the system
(grassland ecosystem plus farm), except for the C returned to the grassland as fertilizer (Fig.
2). As a result, the farm scale net C balance (NCB) including both ecosystem and farm is

calculated as NBP minus the C returned to the grassland as manure (Fjeum):

NCB = NBP — Fyeturn (7)
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where Fienm 1s part of the total manure (and/or slurry) application (Fiu), that can be

calculated as:

Freturn = FinputXRgrass—fed (8)
where Rgqss-req 15 the ratio of manure from grass-fed animals to total manure application. Here,
we assume that Ryqq-rq 1S the same as the ratio of grass-fed livestock numbers (V) to total

livestock numbers in each country.

The net GHG exchange of a grassland ecosystem (NGE), as described by Soussana et al.
(2007), can be calculated by adding CH4 and N,O emissions (occurring in the ecosystem) to
NEE using the global warming potential (GWP, with inclusion of climate-carbon feedbacks)

of each of these gases for a 100-year time horizon (IPCC, 2013):

NGE = —(NEE + Fcy,—ecoXGWPcy, + Fn,0-eco XGWPy,0) 9)

where GWPcpy = 12.36, as 1 kg C-CHs = 12.36 kg C-CO,; GWPyz0=127.71, as 1 kg N-N,O
= 127.71 kg C-COz; Fcrygeco 1s CHs emissions by grazing animals; Fazo-.co 1S direct and
indirect N,O emission from managed soil (based on IPCC, 2006; the calculation of each
component is given in Supporting information Text S2). To be consistent with the signs of the
C balance (i.e., a positive NBP indicates a net C sink of ecosystem), in this study, a positive

value of NGE indicates the grassland ecosystem is a net GHG sink.

The off-site CO,, CH4 and N,O emissions from the digestion of harvest forage by livestock
and manure decomposition contribute to the ecosystem and farm scale net GHG balance

(NGB). NGB is then calculated as:

NGB = NGE — FCOZ—farm - FCH4—farmXGWPCH4 - FNZO—farmXGWPNZO (10)
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where Fcos-frm 18 the proportion of harvested C that is respired by ruminants or released as
labile C in CO, fluxes; Fcussumis the proportion of ingested C emitted as CH, from enteric
fermentation or from manure management; Fn20.zrm 15 direct and indirect N,O emission from
manure management (based on IPCC, 2006; the calculation of each component is given in

Supporting information Text S2).

Uncertainties in the NBP and GHG budget estimation

The uncertainties in the predictions from process models may be rather large, a result of:
uncertain climate forcing data (e.g., Jung et al., 2007; Zhao et al. 2012); parameter value
uncertainty (e.g., Zaehle et al., 2005); as well as uncertainty related to the model structure
(e.g., Kramer et al., 2002; Morales et al., 2005; Moorcroft, 2006). At the large geographical
scale of Europe, a comprehensive assessment of uncertainty can be made using a method such
as factorial design (e.g., White et al., 2000) or the Monte Carlo-type stratified sampling
approach (McKay et al., 1979), but the many model runs required rule out their use with
complex models such as ORCHIDEE-GM, that have a large number of parameters, a half-
hourly time step and thus a high computational demand (Campolongo et al., 2000). In this
study, we have identified four model inputs and parameters that likely substantially contribute
to uncertainties in C and GHG flux simulations (White et al., 2000; Knorr & Heimann, 2001;
Knorr & Kattge, 2005; Zaehle ef al., 2005; Jung et al., 2007; Kattge et al., 2009). These four
sources of uncertainty, define 16 combinations given minimum and maximum values that
define a range (+ 20% approximately) around the standard values used in the control
simulation. The uncertain settings that are tested by systematic sensitivity simulations are: (1)

the proportions of managed grasslands (f;,, which affects the cultivation map of European
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grasslands); (2) the response of photosynthetic capacity to nitrogen addition (parameter
Nadd,.., Chang et al., 2015); (3) the maximum rate of Rubisco carboxylase activity
(Vemax,p;) and the maximum rate of photosynthetic electron transport (Jmax,,); and (4) the
prescribed maximum specific leaf area (SLA,..c, Chang et al., 2013). Simulations with the 16
factor combinations at the full geographical scale of this study (9237 grid points) would still
require a prohibitively large amount of computational time. We therefore based the
uncertainty analysis on a sub-sample of 195 grid cells evenly spaced over our study area.
These give a good representation of the spatial distribution, magnitude and interannual
variability of grasslands’ NBP and NGE (see Supporting information Text S3 for detail).
Complete simulations (as described in Fig. 1) were conducted at these grid points with these
factor combinations (with minimum and/or maximum values for each factor; Table 1). The
standard deviation (SD) of the simulated NBP and NGE results was then used to characterize

and assess the uncertainties of the C balance and GHG budget.
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Results

The NBP and the GHG budget of European grasslands

Over 1961-2010, the average modelled NPP over the 1.3x10° km* of European grassland is
559 + 122 g C m™ yr’': 86% of it is respired back into the atmosphere by heterotrophic
processes in soil and 4% by grazing livestock. Thus, European grassland ecosystems act as a
sink, extracting CO, from the atmosphere (NEE) at the rate of -57 + 21 g C-CO, m™ yr™.
Exports of harvested forage and CHs emission account for 95%, and 3% of NEE,
respectively. Accounting for C from manure and slurry application (15 g C m™ yr'), the
average NBP of European grassland is 15+ 7 g C m™>yr' over the period 1961-2010, that is a
cumulative C storage of 1.0 + 0.4 Pg C at continental scale over 50 years. When considering
off-site (farm) C fluxes, the net C balance (NCB) at ecosystem+farm scale is quasi-neutral,
with an average value of around 8 g C m™yr", given the fact that ca. 50% of the manure and

slurry application (ca. 7 g C m™ yr'') is from grass-fed animals.

We calculated CH4 emission from enteric fermentation by grazing livestock to amount to 1.87
+0.79 g C-CH; m™ yr'' during 1961-2010. Direct and indirect N,O emissions from fertilized
grassland soils were 0.12 + 0.04 g N-N,O m™ yr”' during 1961-2010, given the distribution of
nitrogen additions from the gridded nitrogen fertilizer application map and our model (see
Supporting information Text S2 for details), as well as the parameters and emission factors
from guidelines (IPCC, 2006). In terms of net radiative forcing fluxes expressed in CO,
equivalents, CH4 and N,O emissions reached 23 + 9 g C-CO, equiv. m”yr" and 15+ 6 g C-
CO; equiv. m™>yr’, i.e. offsetting 41% and 26% of the average NEE (CO, sink) respectively.

Altogether, the net GHG exchange (NGE) of European grassland is 19 + 10 g C-CO; equiv.
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m~yr', indicating a net GHG sink (P < 0.01, Student’s t-test) during the period 1961-2010.
The uncertainty of NBP, NGE and their components comes from 1-sigma standard deviation

of the 16 sensitivity tests.

Lastly, we calculated the NGB of grassland by adding GHG fluxes exchanged outside the
ecosystem boundaries (see Fig. 2). We estimate that 85% of the harvested forage (46 g C-CO,
mZyr') is lost off-site and returned to the atmosphere as CO, emitted by decomposed forage
grass, livestock respiration, and decomposed labile C in manure produced at-barn. Enteric
fermentation and manure anaerobic decomposition produce 1.6 g C-CH; m™ yr'. N,O
emission from manure management emits 0.02 g N-N,O m™yr’' to the atmosphere Therefore,
contrary to the ecosystem scale NGE, the ecosystem and farm scale NGB is net a GHG source

of -50 g C-CO, equiv. m™yr’' (P < 0.01, Student’s t-test).

Temporal evolution of the NBP and NGE of European grassland

We obtain an increase of European grassland NBP over the last five decades (NBP linear
trend of 0.25 + 0.08 g C m™yr?, P = 0.26) (Fig. 3a). The increase occurs after 1990 (1.83 +
0.30 g C m™yr?, P = 0.07), with no trend of NBP being simulated before that date (-0.25 +
0.15 g C m™?yr?, P = 0.55). An enhancement of the GHG sink (NGE) in European grassland
(sink trend of 0.49 + 0.13 g C-CO, m™yr~, P = 0.05; Fig. 3b) is found, which is induced by
the enhanced sink of CO, from the atmosphere (NEE, sink trend of 0.56 + 0.14 g C-CO, m™
yr?, P =0.04) as well as by the changes of CH, emissions by animals (0.0016 = 0.0011 g C-
CH; m?yr?, P = 0.58; here positive trend indicates a decreasing CH, emission) and of N,O

emissions from soil (0.0003 £ 0.0001 g N-N,O m™yr?, P = 0.08; here positive trend indicates
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a decreasing N,O emission). The uncertainty of the trends above comes from 1-sigma

standard deviation of the trends from the 16 sensitivity tests.

Regional NBP and GHG budget of grasslands and their trends

Figure 4 shows the NBP and NGE and their component fluxes for eight major agricultural
regions of Europe, as the average for each decade. On average C exported from the ecosystem
as harvested forage and released at the farm-level offsets most of the C sequestrated from the
atmosphere into grassland soils (NEE). Thus the NBP of European grasslands is mainly
determined by the differences between those two terms, except for Western Europe where
high organic C (usually manure and/or slurry) input plays another major role in increasing
NBP (Fig. 4). During the last five decades, almost all grassland regions in Europe were
simulated to be a net C sink (positive NBP; Fig. 4) except for some C lost in Southeastern
(1980s) and Eastern regions (1980s). Obvious NBP increases between 1961 and 2010 are

found in Alpine and all eastern regions.

The spatial distribution of NGE over European grassland regions generally follows the pattern
of NEE (Fig. 4), given the less variable components of CH4 and N,O emissions determined by
livestock numbers and nitrogen-fertilization amounts. Exceptions are Northeastern,
Southeastern and Eastern Europe, where CH4 and N,O emissions were substantially reduced
after 1990, due to decreasing livestock numbers. The largest net GHG sink by grassland is
found in the British Isles. This sink is explained by the high grassland productivity causing

soil C sequestration, which offsets non-CO, gas emissions (Chang et al., 2015).



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

Discussion

NBP uncertainties from model inputs and parameters

The errors in the key model inputs and parameters considered for uncertainty assessment
cause an uncertainty of NBP (on average 1-sigma error) of + 7 g C m™yr"'. Within this total
uncertainty, the uncertainties caused by management parameters, such as the fraction of
intensively managed grassland in each grid cell (f;,) and the response of grass photosynthesis
to nitrogen addition (Nadd,.) make a smaller contribution (£ 4.4 ¢ C m”yr' and+3.2 g C
m? yr' respectively) than the uncertainties coming from parameters representing
photosynthetic and morphological plant traits (Vemax,y / Jmaxey, and SLAua.), which
contribute an NBP uncertainty of 4.8 g C m? yr' and 5.8 g C m™ yr' respectively. The
uncertain values of these parameters could be one of the sources for model-data disagreement
when simulating C fluxes at measurement sites (Chang et al., 2013). However, these PFT-
specific average plant functional traits in ORCHIDEE, in reality, are highly site-specific,
although on average they fall within a narrow range of variation. To reduce the uncertainty in
the trait-related parameters, improved observation data sets are required on both mean value
at community level (rather than species level) and on spatial distribution. Meanwhile, these
traits are tightly correlated with leaf nitrogen concentrations (Ordofiez et al., 2009) suggesting
a possible way to reduce the uncertainty by fully coupling nitrogen and C cycles in terrestrial

ecosystem models (e.g., Zaehle & Friend, 2010).

The uncertainty in model management-related parameter, f;,;, plays only a small role in the
uncertainty of NBP estimated by ORCHIDEE-GM. It implies that the absolute value of f,

tested with + 20% range from the standard value across the period 1901-2010, has very limit
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effect on the NBP estimate. This small uncertainty could be explained by the combination of
two factors: first, one of our assumptions for grassland management prescribed that the
proportions of extensive, cut and grazed grasslands remained identical between 1901 and
1961, thus no changes in grassland management intensity happened during this period in our
simulation; and second, the legacy effects of grassland management intensity change (e.g.,
conversion from extensively managed grasslands to intensively managed grasslands) on soil
C levels would be weak after 60 years continual management (Fig. S1). This non-linear
(declining) rate of change in SOC has been implied in some researches (e.g., Post & Kwon,
2000; Soussana et al., 2010) and supported by long-term observations (conversion from
cropland (very intensively managed) to grassland (less intensively managed compared to
cropland) at Rothamsted, UK; Johnson et al., 2009), though the curve was reversed in our

simulation due to the different initial changes in land use/management.

Furthermore, NBP can be significantly affected by the recent historic change of grassland
usage. For example, an NBP increase (Fig. 4) follows the large decreases in the fraction of
intensively managed grassland in all eastern regions during the period 1991-2010 (Fig. 5c¢),
which were caused by the reduction of livestock numbers (Fig. S2). However, the grassland
management intensity map, as an input in the model, carries three sources of uncertainty: 1)
The grass composition in livestock’s diet is only known with sub-continental resolution
(Western Europe, Eastern Europe and former USSR, Bouwman et al., 2005) and as a static
value without temporal evolution, which could be different depending on region and time
period; 2) in reality, European grassland is mostly cultivated by mowing and grazing of the
same areas, whereas we split the cut and grazed grasslands with the assumption that the
intensively managed grasslands are cultivated up to their biological potential; 3) management
was more often applied in productive grasslands. Meanwhile abandonment happened first in

infertile regions. However, in this study, the proportion of intensively managed grasslands



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

(fin) was equally applied to every grid cell of the country. Although many sources of
uncertainty exist, the grassland management intensity map for Europe established in this
study is to our knowledge the first attempt to split managed and abandoned grassland over a

wide area, to help us gain a better understanding the C and GHG budgets.

Comparison with previous estimates

Our assessment shows a positive NBP, i.e., a net carbon sink in biomass and soils (15+7 g C
m~”yr', averaged for 1961-2010). This is equivalent to a net C sink of about 20 Tg C yr' over
1.3x10° km® of European grassland soils, without accounting for C lost through leaching as
DOC and DIC. C lost through DOC could reach 5.3 + 2.0 g C m™yr"' (data averaged for
observations from four grassland sites; Kindler et al., 2011), and leaching of DIC is mostly
biogenic DIC from respiratory CO; in soil (about 80% and 100% of total DIC leaching from
calcareous soils and from carbonate-free soils respectively; Kindler et al., 2011); but this
source has already been included in the model as heterotrophic respiration. Nevertheless, non-
biogenic (lithogenic) DIC leaching from calcareous soils could reach about 11 g C m™ yr
and thus be significant (Kindler et al., 2011; data extracted from two grassland sites with
calcareous soils and assuming 20% of DIC is non-biogenic). In addition, the C export through
milk products and liveweight gain was not determined in our simulation, and was not
accounted for in the calculation of NBP. According to the calculation based on animal
products from statistics (see Supporting information Text S2 for detail), it will be less than 1.3
g C m™yr' for all European grassland. However, it has only marginal effect on the NBP

calculation because this small C export, if it is not exported as the form of animal products,
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will be either respired by animal or turned to manure and later decomposed too, and this has

been accounted for in NEE.

ORCHIDEE-GM estimates a higher NBP (27 + 8 g C m™ yr'') in the most recent decade
compared to the period 1961-2000 (12 = 6 g C m™yr™"). This estimate is comparable to the
grassland C sequestration according to the C flux balance from 12 EC grassland measurement
sites (23 = 187 g C m™ yr" accounting for NEE, Fjames, and F, input; s€€ Table 1A of Soussana
et al., 2010 for detail) but larger than that derived from limited inventories of SOC stocks (5 +
30 g C m”yr') from a literature search (Soussana et al., 2010). The difference can be
explained by sampling gaps in SOC inventories and/or by the fact that our estimate does not
include soil C losses from DOC leaching and by erosion (two processes that reduce the
inventory value compared to our process-model based estimate). However, our NBP estimate
is lower than the average from nine site observations (104 + 73 g C m™yr”', Soussana et al.,
2007) and from previous results obtained with simpler models (66 + 90 g C m™yr’', Janssens
etal.,2003; 36 + 18 g C m™yr", Smith ez al., 2005) or from both (74 + 10 g C m™yr’', Ciais
et al., 2010). Meanwhile, the uncertainty induced by model input parameters (+ 7 g C m™>yr™,
NBP on average of 50 years from 1-sigma standard deviation of the 16 sensitivity tests) and
the climate induced variability (+ 22 g C m”yr’ interannual or + 8 g C m”yr' decadal over
the last five decades NBP variation) in our estimate reminds us that soil C sequestration
remains sensitive to management, functional traits of grass species, and climate variability

(Soussana et al., 2010).

The N,O emission from European grassland soils (15 + 6 g C-CO, equiv. m™yr’') is close to
the value derived from site observations (14 + 4.7 g C-CO, equiv. m™ yr, Soussana et al.,
2007) and to the model estimates made using process-based mechanisms (DNDC: 13 g CO;-
C equiv. m>yr", Levy et al., 2007; and PaSim: 17 g CO,-C equiv. m~yr"', Vuichard et al.,

2007). The CH4 emission from enteric fermentation by grazing livestock (23 £ 9 g C-CO;
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equiv. m™~yr) is lower than the value derived from site observations (54 g C-CO, equiv. m™
yr'!, Soussana ef al., 2007) due to the fact that observations only account for emissions per
grazed grassland area while our estimate is an average per total grassland area of all types
(i.e., extensively managed, cut and grazed grasslands). As a result, our estimate of grassland
ecosystem-scale GHG balance is a net CO; equivalent sink (NGE, 19 = 10 g C-CO; equiv. m’
2yr'"), smaller than the mean value derived from site observations (54 g C-CO, equiv. m™yr™,
Soussana et al., 2010). Furthermore, after taking into account off-site GHG emissions, a small
source of GHG (-50 g C-CO; equiv. m>yr"' during 1961-2010, and -30 g C-CO, equiv. m™
yr'! in the most recent decade) gives the first estimate for European grassland, which is a
larger source than previous estimates made for a few farms (an insignificant sink of 23 £ 21 g

C-CO; equiv. m™yr'', Soussana et al., 2007).

The major causes of changing NBP and GHG balance

In a typical agricultural system, NBP is usually smaller than the magnitude of NEE because of
the permanent export of a fraction of NPP exceeding the input of organic C from manure (Eq.
6; Soussana et al., 2007). The change in NBP over European grasslands during the most
recent five decades is attributed to two major processes: the changing sink-strength for
atmospheric CO; (see NEE, green bars in Fig. 4); and the varying C export (red bars in Fig.

4).

NEE represents the fluxes of CO, exchanged between grassland ecosystems and the
atmosphere; it is determined by the difference between NPP by plants and R;, from soil (Eq. 5;
we have shown that Rguima 1S less than 5% of R, for European grasslands). Within the two

components of NEE, the increasing productivity (NPP, Fig. 5a and d) is simulated by
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ORCHIDEE-GM over all European grasslands — except for the Mediterranean region. This
trend in NPP is supported by multiple evidence from experimental studies (e.g., Walker &
Steffen, 1997; Campbell et al., 2000; Shaw et al., 2002; Ainsworth & Long, 2005) and trends
in satellite vegetation indices (e.g., Hicke et al., 2002; Piao et al., 2006; Seaquist et al., 2007).
The NPP increase could be induced by climate change and elevated CO, concentration
(Ainsworth & Long, 2005), as well as nitrogen addition (Le Bauer & Treseder, 2008; Xia &
Wan, 2008) and other management changes (e.g., re-sowing with improved varieties of
grass). The NPP increase in extensively managed grasslands (e.g., British Isles, Western
Europe, Alpine, Fig. 5d), where nitrogen fertilizer is not applied, can be mainly attributed in
the model to climate change and increasing CO, concentration. For the intensively managed
grasslands, the NPP increase is also induced by the intensified nitrogen addition during the
period of 1961-1990 (Fig. 5b), due to the very simple parameterization of nitrogen-effects on

photosynthesis (Chang et al., 2015).

Given the widespread positive trends of NPP, the different patterns of NEE evolution in
different regions are mainly characterized by the trends of R, which is controlled by climate,
by organic C availability and the micro-environment (soil physical and chemical properties).
Compared to increasing NPP, the relatively slower increase of R, could lead to enhanced NEE
(e.g., the British Isles and Alpine; Fig. 5a and 5d). Meanwhile, the R; of the extensively
managed grassland is usually larger than that of the intensively managed grassland (Fig. 5d),
because most of the NPP in the extensively managed grassland remains in the grassland
ecosystem to increase organic C availability instead of being exported (as it is for the
intensively managed grasslands). Thus reduction of grass-fed livestock numbers (causing the
conversion from intensively managed grassland to extensively managed grassland; Fig. 5c¢) is
the major factor determining the evolution of R during the transition periods of some regions

(e.g., in all eastern regions during the period 1991-2010).
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The Europe-wide reduction of livestock numbers (more than 18% during the period 1991-
2010 based on total metabolisable energy requirement calculated in Supporting information
Text S1 with original data from FAOstat; Fig. S2) reduced the need for grass forage (with
respect to grassland C balance, forage is a C export thus it lowers NBP). With the constraint
that the total forage requirement by grass-fed livestock numbers must be met from grass NPP,
our simulation takes into account the NBP response to the less intensive grassland
management induced by the decreasing livestock numbers. As a result, the reduction of grass-
fed livestock numbers causes enhanced sequestration of C in soil (NBP increase). The
reduction in livestock numbers, which means the reduction of C export and the abandonment
of grasslands (converted to extensively managed grasslands), decreased the CH4 emissions
from enteric fermentation directly, and reduced N,O emissions because less nitrogen fertilizer
(include mineral nitrogen and organic manure) is applied. Thus the causes of the increased
NBP of European grassland (i.e., the reduction of livestock numbers) have at the same time

contributed to GHG mitigation.

ORCHIDEE-GM accounts for land-use change (e.g., forest or cropland converted to
grassland), allowing the net land-use change C flux of the newly established grasslands to be
taken into account in this study. For example, with conversion of cropland to grassland,
substantial gains in SOC (positive NBP) are found by meta-analysis (Post & Kwon, 2000;
Conant et al., 2001; Guo & Gifford, 2002); conversion of native forest to grassland can also
result in SOC increase (Post & Kwon, 2000; Conant et al., 2001; Guo & Gifford, 2002),
however, the NBP (C balance of the ecosystem) would decrease because the large amount of
biomass C loss (Conant et al., 2001). The area of grassland in Europe has declined since the
1960s (ca. 7%) but has slowly increased again since the early 1990s (ca. 3%; HILDA historic
land-cover change data set). In another simulation without land-cover change from or to

grassland during 1991-2010 (grassland area was kept at the 1991 level), ORCHIDEE-GM
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estimated an NBP of 15 g C m™yr”, a little lower than the estimate with grassland change
included (19 g C m™yr"). In other words, the recent land-cover change was simulated to
make a limited contribution to grassland NBP in this study over 1991-2010 (a small sink of 4

g Cm?yr)).

A large increase of European grassland NBP over the last two decades (1.83 + 0.30 g C m™
yr?, P =0.07; Fig. 3a) is obtained in this study. As discussed in this section, it can be caused
by several drivers including climate change, CO; trends, nitrogen addition, land cover and
management intensity changes. To better understand their role in the changing NBP,

quantification of their effects will be presented in a companion paper (Part 2).



657

658

659

660

Acknowledgement: We gratefully acknowledge funding from the European Union Seventh
Framework Programme FP7/2007-2013 under grants N° 266018 (AnimalChange) and N°

603864 (HELIX). We greatly thank Dr. John Gash for his effort on English editing.



661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

Reference:

AGRESTE statistics. http://agreste.agriculture.gouv.fr

Ainsworth EA, Long SP (2005) What have we learned from 15 years of free-air CO2
enrichment (FACE)? A meta-analytic review of the responses of photosynthesis,

canopy. New Phytologist, 165, 351-371.

Allard V, Soussana JF, Falcimagne R, et al. (2007) The role of grazing management for the
net biome productivity and greenhouse gas budget (CO2, N20O and CH4) of semi-

natural grassland. Agriculture Ecosystems & Environment, 121, 47-58.

Beer C, Weber U, Tomelleri E, Carvalhais N, Mahecha M, Reichstein M (2014) Harmonized
European Long-Term Climate Data for Assessing the Effect of Changing Temporal

Variability on Land-Atmosphere CO2 Fluxes. Journal of Climate, 27, 4815-4834.

Bellamy PH, Loveland PJ, Bradley RI, Lark RM, Kirk GJD (2005) Carbon losses from all

soils across England and Wales 1978-2003. Nature, 437, 245-248.

Bouwman AF, Van der Hoek KW, Eickhout B, Soenario I (2005) Exploring changes in world

ruminant production systems. Agricultural Systems, 84, 121-153.

Buchmann N, Schulze ED (1999) Net CO2 and H20 fluxes of terrestrial ecosystems. Global

Biogeochemical Cycles, 13, 751-760.

Campbell BD, Stafford-Smith DM, Ash AJ et al. (2000) A synthesis of recent global change
research on pasture and rangeland production: reduced uncertainties and their

management implications. Agriculture Ecosystems & Environment, 82, 39-55.

Campolongo F, Kleijnen J, Andres T (2000) Screening Methods. In: Sensitivity Analysis (eds

Saltelli A, Chan K, Scott EM) pp. 65-80, John Wiley, Hoboken, N. J.



683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

Chang JF, Viovy N, Vuichard N, et al. (2013) Incorporating grassland management in
ORCHIDEE: model description and evaluation at 11 eddy-covariance sites in Europe.

Geoscientific Model Development, 6, 2165-2181.

Chang JF, Viovy N, Vuichard N, et al. (2015) Modelled changes in potential grassland
productivity and in ruminant livestock density in Europe over 1961-2010. PLoS ONE,

10, doi: 10.1371/journal.pone.0127554.

Chapin FS, III, Woodwell GM, Randerson JT, et al. (2006) Reconciling carbon-cycle

concepts, terminology, and methods. Ecosystems, 9, 1041-1050.

Ciais P, Reichstein M, Viovy N, et al. (2005) Europe-wide reduction in primary productivity

caused by the heat and drought in 2003. Nature, 437, 529-533.

Ciais P, Soussana JF, Vuichard N, et al. (2010) The greenhouse gas balance of European

grasslands. Biogeosciences Discussion, 7, 5997-6050, doi:10.5194/bgd-7-5997-2010.

Coleman K, Jenkinson DS (1996) Rothc-26.3 — a model for the turnover of carbon in soil. In:
Evaluation of Soil Organic Matter Models Using Existing, Long-Term Datasets,
NATO ASI Series I, Vol. 38 (eds Powlson DS, Smith P, Smith JU), pp. 237-246.

Springer-Verlag, Heidelberg, Germany.

Conant RT, Paustian K, Elliott ET (2001) Grassland management and conversion into

grassland: Effects on soil carbon. Ecological Applications, 11, 343-355.

Dee DP, Uppala SM, Simmons AJ, et al. (2011) The ERA-Interim reanalysis: configuration
and performance of the data assimilation system. Quarterly Journal of the Royal

Meteorological Society, 137, 553-597.



704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

Eurostat (2007) Regions in the European Union— Nomenclature of territorial units for

statistics -NUTS 2006 /EU-27.

Eurostat (2010) http://epp.eurostat.ec.europa.eu/portal/page/portal/agriculture/data

Eurostat (2013) http://epp.eurostat.ec.europa.eu/statistics_explained/index.php/Glossary:LSU

FAOstat (2013) http://faostat3.fao.org

Freibauer A (2003) Regionalised inventory of biogenic greenhouse gas emissions from

European agriculture. European Journal of Agronomy, 19, 135-160.

Fuchs R, Herold M, Verburg PH, Clevers JGPW (2013) A high-resolution and harmonized
model approach for reconstructing and analysing historic land changes in Europe.

Biogeosciences, 10, 1543-1559.

Gilmanov TG, Soussana JE, Aires L, et al. (2007) Partitioning European grassland net
ecosystem CO2 exchange into gross primary productivity and ecosystem respiration
using light response function analysis. Agriculture Ecosystems & Environment, 121,

93-120.

Guo LB, Gifford RM (2002) Soil carbon stocks and land use change: a meta analysis. Global

Change Biology, 8, 345-360.

Hicke JA, Asner GP, Randerson JT, et al. (2002) Trends in North American net primary
productivity derived from satellite observations, 1982-1998. Global Biogeochemical

Cycles, 16, do1:10.1029/2001GB001550.

IPCC (2006) 2006 IPCC Guidelines for National Greenhouse Gas Inventories, Prepared by
the National Greenhouse Gas Inventories Programme (eds Eggleston HS, Buendia L.,

Miwa K, Ngara T, Tanabe K). IGES, Japan.



726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

IPCC (2013) The Physical Scientific Basis. In: Climate change 2013. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, 2013. Cambridge University Press, Cambridge, United Kingdom and

New York, NY, USA.

Janssens TA, Freibauer A, Ciais P, et al. (2003) Europe's terrestrial biosphere absorbs 7 to

12% of European anthropogenic CO2 emissions. Science, 300, 1538-1542.

Johnston AE, Poulton PR, Coleman K (2009) Soil organic matter: its importance in
sustainable agriculture and carbon dioxide fluxes. In: Sparks DL, ed. Advances in

Agronomy, Vol 101, 1-57.

Joyce CB (2014) Ecological consequences and restoration potential of abandoned wet

grasslands. Ecological Engineering, 66, 91-102.

Jung M, Vetter M, Herold M, et al. (2007) Uncertainties of modeling gross primary
productivity over Europe: A systematic study on the effects of using different drivers
and terrestrial biosphere models. Global Biogeochemical Cycles, 21,

do0i:10.1029/2006GB002915.

Kattge J, Knorr W, Raddatz T, Wirth C (2009) Quantifying photosynthetic capacity and its
relationship to leaf nitrogen content for global-scale terrestrial biosphere models.

Global Change Biology, 15, 976-991.

Kindler R, Siemens J, Kaiser K, et al. (2011) Dissolved carbon leaching from soil is a crucial
component of the net ecosystem carbon balance. Global Change Biology, 17, 1167-

1185.



747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

Knorr W, Heimann M (2001) Uncertainties in global terrestrial biosphere modeling 1. A
comprehensive sensitivity analysis with a new photosynthesis and energy balance

scheme. Global Biogeochemical Cycles, 15, 207-225.

Knorr W, Kattge J (2005) Inversion of terrestrial ecosystem model parameter values against
eddy covariance measurements by Monte Carlo sampling. Global Change Biology, 11,

1333-1351.

Kramer K, Leinonen I, Bartelink HH, et al. (2002) Evaluation of six process-based forest
growth models using eddy-covariance measurements of CO(2) and H(2)O fluxes at six

forest sites in Europe. Global Change Biology, 8, 213-230.

Krinner G, Viovy N, de Noblet-Ducoudre N, et al. (2005 )A dynamic global vegetation model
for studies of the coupled atmosphere-biosphere system. Global Biogeochemical

Cycles, 19, doi:10.1029/2003GB002199.

LeBauer DS, Treseder KK (2008) Nitrogen limitation of net primary productivity in terrestrial

ecosystems is globally distributed. Ecology, 89, 371-379.

Leip A, Marchi G, Koeble R, Kempen M, Britz W, Li C (2008) Linking an economic model
for European agriculture with a mechanistic model to estimate nitrogen and carbon

losses from arable soils in Europe. Biogeosciences, 5, 73-94.

Leip A, Weiss F, Lesschen JP, Westhoek H (2014) The nitrogen footprint of food products in

the European Union. Journal of Agricultural Science, 152, S20-S33.

Leip A, Britz W, Weiss F, de Vries W (2011) Farm, land, and soil nitrogen budgets for
agriculture in Europe calculated with CAPRI. Environmental Pollution, 159, 3243-

3253.



769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

Levy PE, Mobbs DC, Jones SK, Milne R, Campbell C, Sutton MA (2007) Simulation of
fluxes of greenhouse gases from European grasslands using the DNDC model.

Agriculture Ecosystems & Environment, 121, 186-192.

Maag M, Vinther FP (1996) Nitrous oxide emission by nitrification and denitrification in
different soil types and at different soil moisture contents and temperatures. Applied

Soil Ecology. 4, 5-14.

McKay MD, Beckman RJ, Conover WJ (1979) A comparison of three methods for selecting
values of input variables in the analysis of output from a computer code.

Technometrics, 21, 239-245.

Moorcroft PR (2006) How close are we to a predictive science of the biosphere? Trends in

Ecology & Evolution, 21, 400-407.

Moral R, Moreno-Caselles J, Perez-Murcia MD, Perez-Espinosa A, Rufete B, Paredes C
(2005) Characterisation of the organic matter pool in manures. Bioresource

Technology, 96, 153-158.

Morales P, Sykes MT, Prentice IC, et al. (2005) Comparing and evaluating process-based
ecosystem model predictions of carbon and water fluxes in major European forest

biomes. Global Change Biology, 11, 2211-2233.

New M, Lister D, Hulme M, Makin I (2002) A high-resolution data set of surface climate

over global land areas. Climate Research, 21, 1-25.

Olesen JE, Bindi M (2002) Consequences of climate change for European agricultural

productivity, land use and policy. European Journal of Agronomy, 16, 239-262.



790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

Ordonez JC, van Bodegom PM, Witte J-PM, Wright 1J, Reich PB, Aerts R (2009) A global
study of relationships between leaf traits, climate and soil measures of nutrient

fertility. Global Ecology and Biogeography, 18, 137-149.

Piao S, Ciais P, Friedlingstein P, et al. (2009) Spatiotemporal patterns of terrestrial carbon
cycle during the 20th century. Global Biogeochemical Cycles, 23,

do0i:10.1029/2008GB003339.

Piao S, Friedlingstein P, Ciais P, de Noblet-Ducoudre N, Labat D, Zaehle S (2007) Changes
in climate and land use have a larger direct impact than rising CO2 on global river
runoff trends. Proceedings of the National Academy of Sciences of the United States

of America, 104, 15242-15247.

Pinares-Patino CS, D'Hour P, Jouany JP, Martin C (2007) Effects of stocking rate on methane
and carbon dioxide emissions from grazing cattle. Agriculture Ecosystems &

Environment, 121, 30-46.

Post WM, Kwon KC (2000) Soil carbon sequestration and land-use change: processes and

potential. Global Change Biology, 6, 317-327.

Schulze ED, Heimann M (1998) Carbon and water exchange of terrestrial systems. In: Asian
change in the context of global change, vol. 3, IGBP Series, (eds Galloway JN,

Melillo J) Cambridge University Press, Cambridge, 145-161.

Seaquist JW, Olsson L, Ardo J, Eklundh L (2006) Broad-scale increase in NPP quantified for

the African Sahel, 1982-1999. International Journal of Remote Sensing, 27, 5115-

5122.



811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

Shaw MR, Zavaleta ES, Chiariello NR, Cleland EE, Mooney HA, Field CB (2002) Grassland
responses to global environmental changes suppressed by elevated CO2. Science, 298,

1987-1990.

Sitch S, Smith B, Prentice IC, et al. (2003) Evaluation of ecosystem dynamics, plant
geography and terrestrial carbon cycling in the LPJ dynamic global vegetation model.

Global Change Biology, 9, 161-185.

Smith J, Smith P, Wattenbach M, et al. (2005) Projected changes in mineral soil carbon of
European croplands and grasslands, 1990-2080. Global Change Biology, 11, 2141-

2152.

Smith P, Chapman SJ, Scott WA, et al. (2007) Climate change cannot be entirely responsible
for soil carbon loss observed in England and Wales, 1978-2003. Global Change

Biology, 13, 2605-2609.

Soussana JF, Allard V, Pilegaard K, et al. (2007) Full accounting of the greenhouse gas (CO2,
N20, CH4) budget of nine European grassland sites. Agriculture Ecosystems &

Environment, 121, 121-134.

Soussana JF, Tallec T, Blanfort V (2010) Mitigating the greenhouse gas balance of ruminant

production systems through carbon sequestration in grasslands. Animal, 4, 334-350.

Souty F, Brunelle T, Dumas P, et al. (2012) The Nexus Land-Use model version 1.0, an
approach articulating biophysical potentials and economic dynamics to model

competition for land-use. Geoscientific Model Development, 5(5), 1297-1322.

Tenkorang F, Lowenberg-DeBoer J. 2009 Forecasting long-term global fertilizer demand.

Nutrient Cycling in Agroecosystems, 83, 233-247.



833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

Velthof GL, Oenema O (1997) Nitrous oxide emission from dairy farming systems in the

Netherlands. Netherlands Journal of Agricultural Science, 45, 347-360.

Vleeshouwers LM, Verhagen A (2002) Carbon emission and sequestration by agricultural

land use: a model study for Europe. Global Change Biology, 8, 519-530.

Vuichard N, Ciais P, Viovy N, Calanca P, Soussana J-F (2007) Estimating the greenhouse gas
fluxes of European grasslands with a process-based model: 2. Simulations at the

continental level. Global Biogeochemical Cycles, 21, doi:10.1029/2005GB002612.

Walker B, Steffen W (1997) An overview of the implications of global change for natural and
managed terrestrial ecosystems. Conservation Ecology [online]l, 2. Available from

the Internet. URL: http://www.consecol.org/voll/iss2/art2/

Weedon GP, Gomes S, Viterbo P, Osterle H, Adam JC, Bellouin N, Boucher O, Best M
(2010) The WATCH Forcing Data 1958-2001: a meteorological forcing dataset for
land surface- and hydrological models. WATCH Technical Report 22, 41p (available

at www.eu-watch.org/publications).

Weedon GP, Gomes S, Viterbo P, et al. (2011) Creation of the WATCH Forcing Data and Its
Use to Assess Global and Regional Reference Crop Evaporation over Land during the

Twentieth Century. Journal of Hydrometeorology, 12, 823-848.

White MA, Thornton PE, Running SW, Nemani RR (2000) Parameterization and Sensitivity
Analysis of the BIOME-BGC Terrestrial Ecosystem Model: Net Primary Production

Controls. Earth Interactions, 4, 1-85.

Xia J, Wan S (2008) Global response patterns of terrestrial plant species to nitrogen addition.

New Phytologist, 179, 428-439.



855

856

857

858

859

860

861

862

863

864

Zaehle S, Friend AD (2010) Carbon and nitrogen cycle dynamics in the O-CN land surface
model: 1. Model description, site-scale evaluation, and sensitivity to parameter

estimates. Global Biogeochemical Cycles, 24, doi: 10.1029/2009GB003521.

Zaehle S, Sitch S, Smith B, Hatterman F (2005) Effects of parameter uncertainties on the
modeling of terrestrial biosphere dynamics. Global Biogeochemical Cycles, 19, doi:

10.1029/2004GB002395.

Zhao Y, Ciais P, Peylin P, et al. (2012) How errors on meteorological variables impact
simulated ecosystem fluxes: a case study for six French sites. Biogeosciences, 9,

2537-2564.



865

866

867

868

869

870

871

872

873

874

875

876

877

878

Supporting Information Legends

Text S1. Calculation of livestock numbers in Europe.

Text S2. Components of the GHG budget.

Text S3. Grid point selection for NBP uncertainty analysis.

Table S1. Major agricultural regions in Europe (Olesen & Bindi, 2002).

Table S2. Grids chosen by the selection processes with different latitude / longitude intervals.

Figure S1. Changes in relative soil organic carbon (SOC) of intensively managed grasslands

during the period 1901-1960 simulated by ORCHIDEE-GM.

Figure S2. Ruminant livestock numbers in each of major agricultural regions of Europe and

their evolution during the period 1961-2010.

Figure S3. The spatial distribution of the selected grid points (Group 6: with a latitude /

longitude interval of 1.5°).

Figure S4. The differences in average NBP and the correlation coefficient between NBP time

series from all grid cells (control group) and from each group of grid cells.



879  Tables

880  Table 1. Key model inputs and parameters for C balance and GHG budget simulations and their ranges®

Model Input or Parameter unit standard value minimum maximum description

Sint percent f fx 80% fx120%  proportion of intensively managed grassland

the saturate status of nitrogen addition effect on

Naddmax percent 60% 40% 80% ) ]
photosynthetic capacity
Vemax,,: the maximum rate of Rubisco carboxylase activity
2
Vemaxop: / Jmaxop: pmolm™s™ 55/110 44/88 66/132 Jmax,p: the maximum rate of photosynthetic electron
transport
SLAumas m’ g C 0.048 0.0384 0.0576 the prescribed maximum specific leaf area

881
882  “Factors are modified by +20% of standard value (except for Nagamar, Which was modified by + 20% of absolute value).

883  ° For each combination, minimum or maximum value of each factor is used, which forms 2* = 16 factor combinations.
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Figure legends

Figure 1. Illustration of the simulation protocol, forcing data and initial state for various
simulations. Enhanced historic LC map indicates the enhanced historic land-change map
delineating grassland management intensity.

Figure 2. Carbon and GHG (CO,, CH4 and N,O) fluxes in European grasslands at ecosystem
and farm scale. Red arrows represent CO, fluxes (g C-CO, equiv. m™ yr''); green arrows
represent CHy fluxes (g C-CHy equiv. m™yr™); Blue arrows represent N,O fluxes (g N-N,O
equiv. m”yr’'); and orange arrows represent carbon fluxes other than in the form of CO, (g C
m~yr"). NGE: the net GHG exchange of grasslands. NGB: the ecosystem and farm scale net
GHG balance.

Figure 3. NBP (a) and GHG budget (b) of European grassland ecosystems predicted by
ORCHIDEE-GM. A positive value of NBP indicates the grassland ecosystem is a net C sink.
A positive value of the GHG fluxes indicates the grassland ecosystem is a net GHG sink. The
negative values of the CH4 and N,O fluxes indicate the grassland ecosystem is a CH4 and N,O

source. All GHG fluxes are expressed as global warming potential (g C-CO; equiv. m™ yr™).

Figure 4. The NBP (far left, black), NGE (far right, light green), and their components divided
into a number of major agricultural regions for the most recent five decades. The major
agricultural regions are determined by both environmental and socio-economic factors and
shown in Table S1 (for a detailed description see Olesen & Bindi ef al., 2002). The five
values of each component are 10-year averages for (from left to right) 1961-1970, 1971-1980,
1981-1990, 1991-2000, and 2001-2010. NBP: the C balance of grassland ecosystem (g C m™
yr''); Cinpur (blue): the C entering the system through manure and slurry application (g C m™
yrh; Cexpore (red): the C lost from the system through harvested biomass, and CH, emission
by grazing animals (g C m™ yr'); NGE: the net GHG exchange of grassland ecosystem

expressed as global warming potential (g C-CO, equiv. m™yr™"), including CO, (dark green),
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CH,4 (orange) and N,O (purple) fluxes. Positive NBP and NGE indicate net C and GHG sinks
respectively. The negative values of the CH4 and N,O fluxes indicate the grassland ecosystem

1s a CH4 and N»O source.

Figure 5. (a) NEE components (NPP and heterotrophic respiration (Rp)); (b) annual total
nitrogen fertilizer application (including organic and mineral fertilizer); (c) fraction between
intensively managed (int.) and extensively managed (ext.) grassland; and (d) NEE
components of intensively managed (int.) and extensively managed (ext.) grassland divided
into major agricultural regions for the most recent five decades. The major agricultural
regions are determined by both environmental and socio-economic factors and shown in
Table S1 (for a detailed description see Olesen & Bindi et al., 2002). The five values of each
component are 10-year averages for, from left to right, 1961-1970, 1971-1980, 1981-1990,

1991-2000, and 2001-2010.
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