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Abstract.

The knowledge of the effects of climate changegno-@cosystems is fundamental to identify locailcenst aimed to maintain
productivity and reduce environmental issues. Shigly investigates the effects of climate pertudmabn the European crop
and grassland production systems, combining thdirfgnfrom two biogeochemical models. Accurate aighiiesolution
management and pedoclimatic data has been emplRgsdlts has been verified for the period 1978-20@torical period)
and projected until 2099 with two divergent int¢iesi IPPC’s climate projections, RCP4.5 and RCP®/6. provided a
detailed overview on productivity and the impactsmanagement (sowing dates, water demand, nitragerefficiency).
Biogenic GHG budgets @0, CH,, CO,) were calculated, including an assessment of Beisitivity to the leading drivers,
and the compilation of a net carbon budget ovedgction systems. Results confirmed that a sigmifiazduction of
productivity is expected during 2050-2099, causgthb shortening of the length of the plant growiygle associated to the
rising temperatures. This effect was more pronodificethe more pessimistic climate scenario (-1®#groplands and -7.7
% for grasslands) and for Mediterranean regionsficuing a regionally distributed impact of climateange. Non-C&GHG
emissions were triggered by rising air temperataresincreased exponentially over the century,deften higher than the
CO, accumulation of the explored agro-ecosystems, wéited as potential C sinks. Emission factor fgd Mas 1.82 + 0.07
% during the historical period, rising up to 2.0941 % for both climate projections. The biomassaoval (crop yield,
residues exports, mowing and animal intake) coedectoplands and grasslands into net C sources#{28d Tg CGeq y*
in the historical period), increasing of more tt2dh% during the climate projections. Nonethelessp cesidues restitution
demonstrates to be a potential management strédegyerturn the C balance. Although with a marlaitudinal gradient,
water demand will double over the next few decadékse European croplands, whereas the benef#ring of yield will not

contribute substantially to balance the C lossestdwclimate perturbation.

1 Introduction

Agriculture is facing a major challenge to meetvgrgg food demand while limiting soil degradatioir,and water pollution,

and adapting to climate change impacts (Chaudhaly,2018; Olesen, 2017). Agricultural sectothis main source of non-
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CO, anthropogenic greenhouse gases (GHG) and is reimifior 78.6 % of nitrous oxide ¢8) and 39.1 % of methane
(CH4) emissions worldwide (IPCC, 2018). Agriculturabptice, which directly affect soil, plant and atiplsre, represent a
strategic lever to counteract climate change bygating GHG emission and fostering soil C stora@babbi et al., 2017,
Smith et al., 2008) achieving long-terire( 2100) climate objectives (Fuss et al., 2016; Mmyast al., 2017; Smith et al.,
2013).

Evaluating the impacts of climate on agricultunadguctions at local, regional and global scalesilsa challenge nowadays
(Fitton et al., 2019; Olesen and Bindi, 2002). fit@n source of uncertainty come from the represemaf agroecosystems
in models’ framework, or from the approaches usedpscale data network and local experiments tmneyjscales (Ewert
et al., 2011; Hansen and Jones, 2000; Tubiellh,e2@07). Notwithstanding that, is commonly recisgd that a decrease in
crop yields is expected towards the mid and thedartie century, with reductions extending to mtiven 10 % in some
region of the world (Challinor et al., 2014). Dediin productivity is likely to be combined with artrease of the interannual
yield variability due to climate extremes (Donaaét 2016), and with a strong latitudinal gradiRtsenzweig et al., 2013).
In the northern hemisphere, which will benefit frdhe lengthening of the growing season, milder terafures and wet
conditions in the next decades, crop and grasgtanductions are expected to rise (Yang et al., R0Cbnversely, lower
latitudes are going to face a rise of drought feempies with a decline of winter rainfall, accompahby a potential decline
in productivity (Stagge et al., 2017). This geodpiapl gap would lead to an intensification of fangnisystems in northern
regions, as north Europe, to an extensificatiotnénsouthern regions, as the Mediterranean bas#s€® and Bindi, 2012).
In line with the commitment to the Paris Agreemantl the European Green Deal, EU set the objeativaut net GHG
emissions by at least 55 % by 2030, compared t 19&:Is. In addition, EU aims to become climatatrad by 2050 (EC,
2020). This ambitious target contrasts with agtimall emission which stagnated or even increas#tkipast few years (EEA,
2020). Reducing emission imply the use of manage¢omions in crop and grassland systems aimecctease the efficiency
of fertilisers and feeding strategies, manage cespues, tillage operations, irrigation and drg@and increasing cropping
diversification (Aguilera et al., 2013; Conant £t 2017; Cowan et al, 2016; De Antoni Miglioratiad., 2015; Li et al., 2016;
Smith et al., 2008; Smith, 2016, Voglmeier et 2019). While there is a consistent amount of expenital data regarding
management options, a robust quantification ofdfiects of climate change on the actual crop ardsiand production
systems at regional scale are still scarce. Coantly;, the need to develop and implement higherrtiethodologies to be
applied at fine spatial scales is growing nowad&ysith, 2012).

Dynamic simulation models are suitable tools tolwat® the multifaceted effects of climate changeos& agricultural
production systems as croplands and grasslands$ éBal., 2017; Ehrhardt et al., 2018; Sandoalet2018). Models are able
to isolate the contribution of single or combinadtbrs, trace the evolution of the system compaamd observe the aptitude
of the agricultural strategies to mitigation imgadflore recently, process-based models conceivesitéoscale representation
were applied at the regional scalestg.calculate national GHG inventories (Smith, 2018puild statistical models (Del
Grosso et al., 2009; Haas et al., 2013). Majorlehgks to perform spatial assessment are repréeseytte availability of
input data (Lugato et al., 2014; 2017), the repregveness of the model to change of spatial q¢édéfmann et al., 2016)
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and bias introduced in the aggregation or disagdieg of input data in representative homogenepata areas (Constantin
et al., 2019). Furthermore, simulating agricultupabductions with climatic projections, introducefurther degree of
uncertainty which can be reduced with a sound assest over historical data (Rosenzweig et al., 2013

This research aims to investigate, by means oflaiion modelling, the contribution and the impaatslimate change in the
European cropland and grassland production systewerds the year 2100. The analysis focuses ort ptaauctivity and
biogenic GHG (MO, CH;, CO,) balance, outlining a detailed carbon budget orent agro-ecosystems and with two climate
scenarios, an intermediate and a pessimistic dme.study provides near and long-term projectidnsey agro-ecosystems

variables to support and help identify possibléosst to maintain productivity and reduce environtakimpacts.

2 Material and Methods:

The study was realised by using two agro-ecosysteatels, CERES-EGC (Gabrielle et al., 2005) for ping systems and
PaSim (Riedo et al., 1998) for grassland-livestegktems. Models were run on a spatial resolutio®.26°, which is
equivalent to an aggregation of the output to aseplicell of 27.78 km side. Each cell has its atterstic soil properties,
agricultural management and daily climatic datae Ut25° grid was identified to attain an adequapgesentativeness of the
spatial variability of the inputs, a representatiees of the local effects at European scale, anitl diomputational burdens
(Hoffmann et al., 2016; Constantin et al, 2019).oTastinct periods of temporal aggregation havenbeensidered. The
“historical period”, based on meteorological re&rsoil and management measured data, outlinesffénets of the current
management on the agro-ecosystem, and is useftddting the reliability of both models. The “cliteascenarios”, based on
the same as the historical management practiGess the near- and the long-term impacts of clinchgnge on the agro-
ecosystems under study. These two different agtoegaeriods are compared between them to hightlgheffects of climate
change scenarios on the systems under study. Bfecpon in the long-term are mainly provided t@kesate the impacts of

the current management for variable as soil orgeanibon and the related GHG emissions.

2.1 Models

CERES-EGC (Crop-Environment REsources Synthesis — Enviromtrae Grandes Cultures) model was used to simulate
crop rotations in EUROPE. CERES-EGC is a processddiogeochemical model in the soil-plant-atmospli®main
adapted from CERES (Jones and Kiniry, 1986). Thdehis designed to simulate C and N dynamics,rdmester of heat and
the water exchanges from soil and plant with aydaile step, at the field scale. Inputs requiregoailogical and management
data as forcing variables and soil and crop datacisrs. Meteorological data are constituted kilydminimum and maximum
temperature, precipitation, global solar radiateomd wind speed. Management includes tillage, itioga fertilisation,
information of sowing and incorporation on cropidess. Soil is divided in sublayers with specifepth, and physical and
chemical characteristics. Simulated crop speciglside maize (grain and fodder), soft wheat, durumeat, rye, oat, barley,

rapeseed, sorghum, sunflower, pea, sugar beetoghéan, with the possibility to select specifictimalrs.
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Soil C and N dynamics in the ploughed layer areutated by means of the NCSOIL model (Molina et 8983; Nicolardot
et al., 1994), which is a nested module in CERESERCSOIL compute nitrification, immobilisation antneralisation of
N, the decomposition of soil organic matter (SONtgmincorporation of crop residues and SOM formatiThe module
works with a series of specific pools, three pdotscrop residues (easily fermentable carbohydraietulose and lignin) and
four endogenous pools (zymogenous and microbiahags, active and passive humus), where SQeleased from the
decomposition of each pool. N uptake by plantalsudated through a specific supply/demand schegpermding on mineral
nitrogen availability and root length density. CEIREGC includes the model NOE (Hénault et al., 20063imulating NO
emissions from denitrification and nitrificationqmesses in the topsoil (0-20 cm depth). Denitrifizaand nitrification are
computed from a soil-specific potential rate lirditey unitless factors related to soil water conteoil temperature and
substrate content (nitrates, Bl\Gnd ammonium, Nk for denitrification and nitrification, respectiyg Plant growth is
simulated according to the crop specific genetitepiial and the photosynthetically active solariaddn absorbed by the
canopy. Potential dry matter production is conatrdiby air temperatures, soil water availabilitd &hdeficit.

PaSim (Pasture Simulation model) is a biogeochemicat@ss-based model able to simulate C, N and waterdigs in the
soil-plant-animal-atmosphere grassland system (€alat al., 2007). Five interacting sub-modelsodftsology and physics,
microclimate, vegetation and grazing herbivoresstitute the model structure. The model runs orydail hourly) time step
and inputs require soil property data, managemedtraeteorological characteristics (global solaiatoh, minimum and
maximum air temperature, relative humidity, wincesg, precipitation and atmospheric C€ncentration). The soil is
described in six sublayers allowing to parametdsierent soil depths with site-specific soil phyai and chemical
characteristics. Management includes grazing, mgpwhihfertilisation. Grazing is considered as ayair suckling system
managed by grazing periods with specific stockiagsity and live weight. Indoor periods are not dated. Vegetation cover
is considered as a homogeneous cover with a fiegdnhe fraction. The vegetation cover comprises sgstem and three
shoot compartments (laminae, sheaths and stensy ddaded into age classes. Soil C dynamics (hass0ENTURY model;
Parton et al., 1994) are computed in five poolactural and a metabolic pool for fresh orgamidon (plant residues), and
an active, a slow and a passive pool for the miefgirocessed organic carbon. Photosynthetic dlasated in plant (root
and shoot) and can be lost as @@ ecosystem respiration and as.@ktough enteric fermentation.

Soil N inputs are represented by atmospheric N siéipn, symbiotic N fixation, mineral or organic fertilisation, animal
faeces and urine. These inputs, together with ithegen mineralised from the organic carbon poodsstitute the mineral N
pool. N availability for plants is reduced by losse@a processes of immobilization, M@aching, NH volatilization,
nitrification and denitrification processes:®lemission from nitrification and denitrificatioepends on substrate availability
(NOs or NHs). These emissions are modulated by factors cdinigothe effects of soil temperature and water eont
Furthermore, the release ob®! produced into the soil toward the atmospherelsutated with a resistance model in the
rooting zone and plant canopy (Schmid et al., 2001)

CERES-EGC and PaSim were selected as the modtlsuit@dels for a spatialized assessment sinceines been calibrated
and evaluated in different worldwide (Brilli et,a2017; Ehrhardt et al., 2018; Sandor et al., 2@#) European conditions,
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i.e. France, Denmark, Germany, Italy, Sweden, UK foRES-EGC (Rolland et al., 2008; Lehuger et al., 20attenbach
et al., 2010, Drouet et al., 2011; Lehuger et2111; Goglio et al., 2013; Ferrara et al. 2021; Hetaal., 2021) and France,
Germany, Hungary, Ireland, Italy, Portugal, Spaime Netherlands, UK for PaSim (Lawton et al., 20Q@&lanca et al., 2007;
Gottschalk et al., 2007; Vuichard et al. 2007; Maale 2015; Sandor et al., 2016). These modelsgbaipally simulate a
number of crops and rotations, mown or grazed fads, and the effects of management practicesamt-goil- atmosphere
interactions. Besides, they are able to simulateGGdinissions and the carbon budget at the fieldestabugh the C
assimilated from the photosynthesis, C emittedtimoatmosphere from autotrophic and heterotrosipirations, C recycled
into the system (dung, plant residues) or introddoem external sources (fertilisers, soil impra)eand the C exported from
the system by production activity. Grtilisation was not simulated for croplands (§24 in the supplementary material).
Also, the two models used in this study do notespnt potential impacts of air pollution, pest disbase effects on plant

production.

2.2 Input data set
2.2.1 Climate data

Historical and climate projections data were usethis study to analyse the likely effect on GH®&ductions and soil C
stocks in European production systems. We seldgtedof the four climate scenarios, or “Represem&atConcentration
Pathways” (RCPs) adopted by the IPCC for the fAsessment Report (AR5) (IPCC, 2013), an interntediaenario,
RCP4.5, and a pessimistic one, RCP8.5.

Climate data were provided by the Earth System inbldelGEM2-ES (Collins et al., 2011) and were dovatsd to a
horizontal grid with 0.5° side resolution in tharinework of the Inter-Sectoral Impact Model Interpamson Project (ISI-
MIP; Warszawski et al., 2014). Since the spatisbhation of the climatic data is larger than treesielected for the simulation
units (0.25°), 4 adjacent simulation units werejscted to the same meteorological data. Data wetedawnscaled to
maintain data accuracy as much as possible. Dataden shaped for the European surface (29.0°5%6 Zatitude and -24.0°
to 45.5° Longitude). HadGEM2-ES model provided yaialues of minimum and maximum air temperaturdalto
precipitation, air specific humidity, shortwave iatbn and near surface wind speed, for the petfigll -2099. Based on these
data, input variables for each model were assighlee simulation protocol consists of a historicateset, from 1978 to 2004,
constituted in accordance with HadGEM2-ES modelgitiie historical record of climate forcing fact@dsnes et al., 2011),
and two climate projections RCP4.5 and RCP8.5, f2685 to 2099.

2.2.2 Soil data

Soil data were obtained from the European Soil Bega (ESDB; Hiederer, 2013). The ESDB is compoget km x 1 km
raster files containing topsoil (0 to 30 cm) anbdsail (30 cm to maximum soil depth) data of clal, sand, gravel, and soil

organic carbon (SOC) content, bulk density and maxria root depth. Soil pH for the topsoil was deriatdhe same spatial
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detail from the ESDB dataset provided by Reutel.§2008). To define soil characteristics for eaphtial simulation unit of
0.25° side, the most recurrent soil was selectechrdingly with their characteristics. Model-spécioil input parameters
were calculated on the base of the elementary cteaistics (see supplementary material S.1 forildgtéor both models, a
fixed number of six soil layers was establishedwaithickness defined as a function of the maxinsaihdepth. Organic soils

with SOC content over 30 % were excluded from thmukations (3.4 % of the total simulation units).

2.2.3 Crop data

Crop species and N fertilisation amount for Eurepdaion on the 1 km x 1 km grid were provided ia framework of the
GHG-Europe project (EU FP7; Wattenbach et al., 20IBese data are based on the statistical craphdison of Eurostat
database (European Statistical Office, 2019a) gibnal scale (NUTS2 regions), and the simulatiorihef CAPRI model
(Common Agricultural Policy Regionalized Impact;itBrand Witzke, 2008; see Leip et al., 2008). Nj#o fertilisation
amount and the repartition between mineral androcgarms were also provided at NUTS2 scale.

Crop successions were available for the period 182®10. We only considered the crop successiams the time interval
1978 to 2010 since the crop species used in thalisearded years (1976-1977) were never reusedtbgdime series, and
represented less than 1 % of the crop successiensgmmer cereal mixes without triticale, other atgéncluding triticale,
winter barley, flax, hemp and set aside). The twastrfrequent crop successions were selected aferemee for each
simulation unit. In fact, they cover on averagawp3 % of the total agricultural area of the siatign units (median over all
the simulation units with two rotations equal t@2). Based on this aggregation, the simulatedscvegre: summer/spring
soft wheat, winter soft wheat, durum wheat, sumspeiig barley, grain maize, fodder maize, rapesseudflower, pulses,
oats and sugar beet. Crop rotations included alstemwrye, rice and potato, which were not exgljcjparameterised in
CERES-EGC model, and were respectively substitwitil specific varieties of soft wheat for rye anckr(the latter in the
end was not represented in the rotations) andswmigfar beet for potato. To define the crop speaidisa period 1951 to 2099,
primary and secondary successions were replicatedllfthe years preceding and succeeding the ititegval of available
data (1978-2010). Furthermore, most adapted arlorggdd crop varieties were designated in functibthe latitude, based
on previous work and modellers’ experience by usimgCERES-EGC crop database.

Sowing dates were defined for each crop speciegaith simulation unit and per year, based ongspecific time window,
as well as a minimum and a maximum threshold teatper. Crop-specific windows were extracted fromaksessments of
USDA (1994) and Sacks (2010), selecting the mininamehthe maximum typical sowing span over Europereas threshold
temperatures were extracted from Steduto et allAR@Given their width, time windows were not chadgver time. The
sowing date was defined as the earliest withirtithe window, when minimum and maximum temperatuvere respectively
higher and lower than the thresholds. An additi@eaistraint (no precipitation for three days ima)was applied to consider
farmers practice concerning access to the field.dfitable sowing date was not identified, a fidate was imposed in the
middle of the time window. Residues were managesdban crop specie, exporting half (50%) of thevagoound cereal

straws, 80% of the fodder maize and removing 2@¥nfthe residues of all the other crop types (haivg$osses), including
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grain maize (Scarlat et al., 2019). Typical sowimgp densities were imposed based on Steduto £Gil2). Fertilisation
amounts (kg N hayear?) were defined as the average amounts designedhédr of the crops in the most frequent succession
in the simulation unit. Splitting and fertilisatialates were established based on crop type armbttiag date, total nitrogen
amount and mineral to organic repartition (see Rrppntary material S.2 for details).

200 Irrigation was automatically supplied to the sintida unit which are defined as irrigable in the H the year 2016;
“irrigable” is considered as the area equippedrfigation greater than 5 % of the utilised agriaudl area (Eurostat 2019b).
This share was 36 % of the EU and is mainly in Mediterranean area, southern France and north-efeStance, the
Netherland and some regions in Denmark, GermanytladJK. The amount of water was distributed autiically at the
rate of 10 mm d when the soil available water content was below®0This means that non-irrigated crops had adoess

205 irrigation water. Even if in the coming decades ghabal irrigated area is not expected to growtfertdue to water scarcity
and limited land (Turral et al., 2011), to accotorta possible increase of the irrigable share tdw 00, a management
scenario to observe the maximum potential irrigatieater demand for today's crops grown in Europs sinulated and

discussed. This management is evaluated over titargeby the two scenarios i RCP4.5 and i_RCP8.5.

2.2.4 Grassland and livestock data

210 Grasslands data considered permanent grasslandiafetl temporary grassland. Nitrogen fertiliseplagation for European
grasslands in a 0.25° side resolution grid wasnedéd on the base of regional and national seigEurostat) and CAPRI
model (Leip et al., 2008). Data were generated déoimip fertilization managements and nitrogen dosasggther with number
of mowing events, animal loads, amount of minegdilizers and / or organics, and the fractionegfuminous. Mowing dates
were defined from temperature using thermal sur@® (&€-days from the first of January) on a basg €. No cutting was

215 performed before such thermal sums was not obtakexilisation events occurred three days aftewimg. Grazing started
30 days after the first mowing event and endeckeith the end of the year or at the first freeziagod of five consecutive
days. Livestock were represented in the model bylgattle. Livestock densities (LSU Hawere obtained from 0.05° side
regional statistics (Wint and Robinson, 2007) npljing the total number of animals per surface tmid.8, 0.1, and 0.1 for
cattle, sheep and goats, respectively. Finally, ldedsity distribution was aggregated to the 0.28€ grid. As for cutting

220 and fertilization, if no thermal sums were reachben no events were performed. Biomass produdsiaonsidered as the
sum of the grazer intake and the cut biomass. Boh grid cell, livestock is only fed by grass(no external feed is
considered). If the amount of daily abovegroundhizss is not sufficient to grazing animals, aninaks moved from the
pasture. In this study we simulate livestock ay ttentribute to N cycling and since are an impdrsource of nitrogen in

grassland, although we do not discuss here thettygtions.

225 2.2.5 Models spin-up and computation

CERES-EGC and PaSim were first initialised witH §hialong with the chemical and physical soil pagters, taken from
the ESDB for the year 2013. Then, for croplandequilibrium was set through a spin-up run usingvleather period from
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year 1951 to 1977 assuming that the cultivated dueimg this period was likely to have been cortumly cultivated with
the same crop successions. Equilibrium was redlsbide 1971 for all the pixels with an estimatioroelower than 0.1% of
the relative variation in the soil C balance ingags. For grasslands, we first let derive the satiorh for each pixel from 1840
based on HadGEM2-ES weather data. Following, toansdtion rules were applied to move from past tawacurrent
management practiceise. from 1901-1950, a low intensification managementl with no mineral fertilization and cut at
900°C-days were applied. From 1951 to 2010, the®awradual management intensification up to sictyehe target levels
(linear increase of quantities, progressive eashgft of cutting date). In this period, mineralrogen fertilization was applied,
starting with a low level in 1951. Finally, from 20to 2100, constant management according to titeqml come into effect.
A total of 86724 run divided in two land uses (886r arable, with two climate scenarios, two crogations and two irrigation

scenarios; 7918 unit for grasslands, with two ctarecenarios) were simulated in a dedicated server.

2.3 Greenhouse gas exchange and balance

For assessing the net greenhouse gas exchange (HGtiGhe investigated ecosystems, the contributibthe biogenic
GHG (CQ, N20, CHy) is combined and normalised to gramsz@Quivalents by using the relative global warmiogemntial

( ) at the 100-year time horizon (298 fos@ 25 for CH and 1 for C@, IPCC, 2018), following the approach presented
by Soussana et al. (2007):

The net ecosystem production (NEP) is the amountrgdinic C available for net ecosystem C storageo®r or loss in an
ecosystem, in terms of GONEP represents the difference between the gmassgy production, or photosynthesis, and the
ecosystem respiration, which is the sum of theteapbic and heterotrophic respirations (HR); rumingespiration from
grasslands ecosystems is not accounted in the R @onventionally, a negative value of NEP statinguptake of Ceby
the system, whereas a positive value is a relesasriosphere.
The annual net greenhouse gas balance (NGB) islatdd on the base of Ammann et al. (2020) by otioly the export of C
by harvested biomass (crop yield, mowing and animake), the export of crop residues and the impbiIC by manure
(organic fertilizers and the excreta from grazers):

"
As livestock were not grazing all year, their cdnition to the carbon balance is represented byntlage of biomass, enteric
fermentation (Ch) and C in excreta. Carbon emissions from farm ati@rs {.e. tractor emissions), erosion and leaching
processes, fire or off-farm emissiong (fertiliser manufacture, barns) are not includethis C budget, as well the effects of
volatile organic compounds and €Emissions from manure and from soil are considesedegligible. Moreover, the C
exported from animal production (body mass increaskmilk production) is neglected from NGB caltiga (e.g.Chang et
al., 2015).
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3  Results:
3.1  Cropland and grassland productions
3.1.1 Model validation

Simulated crop yields during the historical periadged between 1.4 and 44.8 tifas standard humidity) and were in good
agreement with EU statistics reported in the Eataddtabase (Eurostat, 2020) for the time span-2908 (Fig. 1a; the time
span considered represents the original crop ostatata and complies with the beginning of the atenscenarios). Root
Mean Squared Error (RMSE) was equal to 2.24% Mean Absolute Error (MAE) to 1.32 t hand the modelling efficiency
(Nash and Sutcliff, E) scored 0.96. Simulationdw@ERES-EGC overestimated the yields for grain maieheat, rye, oats,
soybean and sunflower, whereas potato, pulsesseafdefodder maize, barley and sugar beet weteatlglignderestimated.
The relative RMSE (RRMSE) for each crop, individyatanged from 12.8 to 38.6 % (Table S3). Furthenenreducing the
simulation period to 1994-2004 to limit the effexftthe crop annual genetic gain on measured dagastatistics above
described were not modified (data not shown). Tomparison between simulated and Eurostat statiaticountry level
(NUTSO) for the 1978-2004 period given fitting rkssyRMSE = 5.58 t iy MAE = 3.18 t ha; E=0.84) reported in Fig S2.

a) b)
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Figure 1: a) Simulated crop yields compared with Eurostatsiies in the period 1978-2004. Each point repnesthe yearly
yield over EU for each crop; yields are reportedtasdard humidity. b) Grassland production conghémeSmit et al. (2008)
for the period d 1995-2004. Point size represdr@sstandard deviation (Std. dev.) of the simulgiediuctions.

Representative data for grassland productions tdtessarce at EU-level. Smit et al. (2008) compltbe production of
permanent grassland (pastures and meadows) aarogsebbased on national and international stadisticthe period 1995-
2004. The productivity simulated with PaSim (Fi@) And aggregated to NUTS2 level (257 regions im study) shown a
significant positive spatial correlation (r = 0.68< 0.05) with the statistics reported by Smiakt (2008), following the
environmental stratification of Europe (Metzgeraét 2005). Compared to these statistics, PaSimredca RMSE of 2.37 t
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DM ha' y!, a MAE of 2.04 t DM ha y'! and a negative E (-0.34). Simulated productivigswgenerally overestimated in the
Mediterranean area (+55 %; representing 16 % otinface) and eastern Europe (+20 %; representirtg Bf the surface).
The overestimation in these areas is verified bBisother modelling interpretation (van Oijen et 2014, Chang et al., 2015;
Chang et al., 2017; Blanke et al., 2018) and istdube gap between potential (maximum) simulatedipctivity and real
harvest data. A slight underestimation of the satad productions was recorded for the Atlantic Narbne (-15 %;
representing 8 % of the surface). Finally, livektdensity and distribution were in line with thergstat findings at country
scale for the period 1995-2004, ranging from 0.861.SU ha (mean: 0.34 LSU hY. Livestock densities were higher in
Belgium, the Netherlands, Denmark and Ireland, iargbme regions of Germany, France, Italy and Spralso reported

by Lesschen et al., (2011). Further details regardrassland productivity are reported in the seimeintary material S.3.

3.1.2 Effects of climate change scenarios on productivestems

Our results showed increasing cropland and gragstanductions in Europe during the historical sciesa(Fig. 2).
Productions were positively correlated with ther@asing air temperatures over this period. Mann-€idéest highlighted a
positive linear increase (p << 0.01) in the meamuahmaximum air temperature (0.05 °C y§amd minimum air temperature
(0.04 °C yeat), as well as in solar radiation (0.02 MZF year?).

Crop production in Europe assumed a positive yeadiease during the historical period (18.1 kg bay*; Fig. 2a), which
persisted until 2020, reaching 4.6 t DMhaverage 2005-2020). Crop production raised infitise half of the century for
both climatic scenarios (+5 % compared to the ayeerd the historical period; Table 1), even if thge of increase slow over
time, especially from year 2020 to 2050. In theosecpart of the century, crop production remainidhle for the scenario
RCP4.5 (+2 % compared to the average of the histioperiod), while a reduction of -6 % is forecadsfer the RCP8.5
scenario; this decline reached -13 % in the ertti@tentury (period 2080-2099). The extensionridation to all European
croplands foster crop productions to +10 % in tinst fhalf of the century, while in the second pafrtthe century crop
productions were sustained only for RCP4.5 andatibon mitigates the projected decline for RCP8.3 % compared to

historical period).
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Figure 2: a) Crop yield trends in Europe from 1978 to 2099 witth two climatic scenarios RCP4.5 and RCP8.5, aid t
irrigation conditions following the irrigable aguittural area in Europe or extending the irrigationall the arable lands
(i_RCP4.5 and i_RCP8.5); all crops confounded. js&land yield reported as the sum of biomass mamedruminant

intake.

Crop production showed a clear trend over latituates$ over time. During the historical period, cregse more productive
in low latitudes (< 45°) than in mid latitudes (4%8°; -25 % compared to low latitudes, p >> 0.0%) higher latitudes (>55°;
-46 % compared to low latitudes, p >> 0.05). Thgees were reduced during the climate scenariod€T=). In low latitudes
yields were comparable with the historical perindhe first half of the century, undergoing to seveeductions towards the
end of the century (-4 % and -11 % for RCP4.5 a@&8&5, respectively). Moving to mid and to higlitiates crop productions
increased in the first part of the century for bolimatic scenarios (from +5 to +12 %). In the setart of the century,
productivity was maintained only for mid latitudesthe RCP4.5 (+3 %), whereas declined for the REB8enario (-8 %).
High latitudes were characterised by a furtheraase towards the end of the century (+14 % and% ¥@r RCP4.5 and
RCP8.5, respectively).

The yield of the two most cultivated crops in temfisrea in Europe, grain maize and winter softatherere not negatively
affected by climate perturbations in first halftbé century with the RCP4.5 scenario, while a sligbrease is expected in
the RCP8.5 for grain maize (+2 %; average 2030-R&#€8 a decrease for winter soft wheat (-4 %). irasductions are
projected for grain maize yield in the end of tieatary for both climate scenarios (-5 % in RCP48 49 % for the RCP8.5,
average 2080-2099). Conversely, production is eegeto increase for winter soft wheat for RCP4.p (@ +8 %), and a
decline (-1 %) for RCP8.5 (Fig. S3a,b). The adaptid irrigation for all European croplands incredsle productivity of
grain maize compared to the irrigable scenario%+8ward mid-century for both scenarios; +13 % &té % toward the
end of the century for i_RCP4.5 and i_RCP8.5, rethpaly). On the other hand, small yield increaass expected with the
irrigation scenario for winter soft wheat.

Fig. 3 reports the length of the growing seasomyfain maize and winter soft wheat, underliningasistent reduction during
both climatic scenarios. Crop growing cycle consddat sowing dates were modulated accordingitoatic conditions.
Compared to the historical period, in the middlahaf century there was an average reduction ofjtbeing season of -8
days for grain maize (-12, -5 and +9 days for lovid and high latitudes, respectively) and -20 dayswinter soft wheat (-
20, -19 and -6 days for low, mid and high latityudespectively). This trend remained constant fGPR.5 scenario toward
2100, whereas worsened for RCP8.5, with averagddctions of -27 and -36 days for grain maize andtevi wheat,
respectively. Severe reductions are expected aanmddow latitudes for grain maize (-34 and -249)agnd at mid and high
latitudes for winter soft wheat (-49 and -38 day$)e length of the growing cycle for all the crepcept for potato and sugar
beet, was reduced of -12 days in the middle ofcd@ury and reached -19 days in the second pdieofentury (Fig. S4).
Conversely, potato and sugar beet shown an exten$itie length of the cropping cycle over timalhscenarios, especially

during the end of the century.
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Figure 3: Yield, length of the cropping season and irrigatieeded over the cropping cycle for fodder mageafid winter
soft wheat (b) in the two climatic scenarios RCPahB RCP8.5; figure reports results for the Eurafba irrigable area and
345 extension of the irrigation to all the Europearbégarea (scenarios i RCP4.5 and i_RCP8.5).
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Considering the mild climate projections, positiield increases from 4 to 20 % are expected fouwhuand soft wheat,
soybean, rye and spring wheat for low latitudestamgrd the end of the century. On the other hgrain and fodder maize,
potato, barley, sugar beet, pulses and oats, &eted by substantial reductions (from -1 % to %% The extension of

350 irrigation is able to increase yields for the mar@er demanding crops (grain and fodder maize,lewef, sugar beet and
potato) with increases of more than +10 %. At ratitudes strong reductions, in the range of -2%%, are expected for the
large part of the main European crops (durum aftd\deeat, potato, rapeseed, barley, soybean, spdftgvheat, sugar beet,
and sunflower), whereas fodder maize and wintemrgee projected to increase (+30 and +9 %, respayg}i High latitudes
displayed reductions in yields for pulses and lyafi22 % and -11, respectively), and an increaget¢+over +100 %) for

355 rapeseed, sugar beet, potato grain and fodder nibiwe extension of irrigation to all European cesyas will not make
sensible improvement for mid and high latitudeddgeor i RCP4.5, while a substantial reductiompisjected for all the
crops ini_RCP8.5.

Table 1. Emissions of MO, CH,, the net ecosystem production (NEP; for signs eatian, negative values represent a stock

360 of carbon), and productivity from grassland andotands. Between brackets is standard deviation.

2Yield for croplands; the sum of harvested bions®s animal intake for grasslands.
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Irrigation was applied to 93 % of all the simulationits, doubling the volumes needed to fulfil @vapotranspiration deficit
(160 mm ¥* in the first half of the century) compared to tigtorical period (82 mm3). Then, water volumes needed in the
second half of the century are reduced for i RCR#13 mm y*) and are slightly increased for i RCP8.5 (176 mith y
Compared to the scenario with actual irrigableaef these volumes increased by more than 2 aintkeS at mid and high
latitudes and only by +30 % at low latitudes, iradiog that the extension of irrigable areas becamessential to ensure
adequate levels of crop production, especialljhaKediterranean regions.

Grassland productivity showed a trend over timelamto croplands (Fig. 2b; Table 1). Comparedhe historical period,
grassland productivity slightly increased until 202 decline toward the middle of the century, vethaverage production of
5.6 t DM ha! (average 2030-2049). Biomass productivity is maimed during the progress of the RCP4.5 scenaliereas
an averaged reduction of about 0.45 t DM (&.7 % compared to the historical period) is etpd for the RCP8.5 scenario
in the second part of the century. During the hiséd period, grassland productivity at low latiagdwas about 30 % lower
compared both to mid and high latitudes, with higlteductions concentrated in the north-west Eurdgmibstantial increase
of production was observed toward 2050 both for latitudes (+9 % for RCP4.5 and +10 % RCP8.5) agh atitudes (+13
% and +14 % for RCP4.5 and RCP8.5, respectively; $8c and Table S1 in the supplementary matekfying to the end
of the century, grass production increased furtioenpared to the historical period, especially f@F.5 (+16 % and +22 %
for low and high latitudes, respectively), whilédeas marked increase is expected for RCP8.5 (+8d46+&3 % for low and
high latitudes, respectively). At central EU laties, characterised by a higher livestock densay tbw and high latitudes
(+42 % and +13 %, respectively), productivity waduced of -6 % in RCP4.5 and -5 % in RCP8.5 imituzlle of the century.
This reduction remains constant for the RCP4.5ademoward the end of the century and was morequoced for RCP8.5
(-24 %).

3.2  GHG emissions

3.2.1 N20 emissions

a) b)
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Figure 4: a) NbO emissions (kg N hiay?) for croplands and b) grassland with two climatange scenarios (RCP4.5 and
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RCP8.5). NO emissions for croplands consider two irrigatiomditions, following the irrigable agricultural @aén Europe
or extending the irrigation to all the arable lafidRCP4.5 and i_ RCP8.5).

N2O emissions increased sharply for croplands albegcentury for both climate scenarios (Fig. 4a)rimuthe historical
period, a stable growth of the emission at the sa®2 g N-NO ha' y! is observed, with a mean value of 1.44 kg pONa
Ly1(Table 1). This rate decreased to 1.3 g }BNat y* in the first half of the century for RCP4.5 scemawhile a rise of
2.9 g N-NO hat y! is forecasted for the RCP8.5 scenario. In thersdpart of the century, the rate of emission waslge
tripled for RCP4.5 compared to the emission irt fuedf of the century. A strong increase of emissi observed for RCP8.5,
with a rate of 10 g N-pO ha' y!, reaching a mean of 2.09 kg NI ha® (average 2080-2099). RCP4.5 scenario, instead,
reach a total of 1.69 kg N-® hat'. The extension of irrigation to all European ceomls amplified the emission rates in the
first half of the century for both i_RCP4.5 and CIR8.5, compared with the irrigable scenario (+3bh826 %, respectively).
Emission rates decreased in the second part afethiiry for i RCP4.5 (-34 %), whereas grown up 1@ % for i RCP8.5.
Furthermore, the interannual variance efONemissions increased from the historical periothofirst half of the century
(+15 % in both scenarios) and continued for theosdart of the century (+41 % and +75 % for RCRa#hd RCP8.5,
respectively). While, the extension of irrigatiomsvable to reduce the interannual variance for b&®CP4.5 and i RCP8.5
scenarios (+17 % and +61 %).

N2O emissions from grasslands described a similadtozer the years as for croplands (Fig. 4b), dtarised by lower rates.
During the historical period, the emission increbaea rate of 2.4 g N4 ha' y!, with a mean value of 0.81 kg N:®™ ha

1yl (Table 1). The rate raised to about 3.6 g ddNa* y* during the first half of the century, afterwartie two different
climate scenarios shown different trends. RCP4.$ eh@racterised by a significant reduction of timéssion rate to 0.5 g N-
N2O ha'y?, while the rate tripled for RCP8.5, reaching 1kB2N-N.O haty*in the end of the century (average 2080-2099).
A total emission of 1.05 kg N4 hat is expected for RCP4.5.
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Figure 5: N.O emission for croplands and grasslands in Européarinistrative borders (NUTS2). Emissions are reggb
for historical period (1985-2004), and differencé’ Wwith mid (2030-2049) and the end of the cent2980-2099) for the

two climatic scenarios RCP4.5 and RCP8.80MKmissions are reported in cropland with irrigadglenario (see the text).

Total N;O emissions from croplands and grasslands weretezhto the surface allocated for arable crops @erthanent
grasslands for each simulation unit, by using theres of Corine Land Cover inventory of 2018 (Fiyj. Bmissions ranged
between 0 and 2.5 kg N fa* and were concentrated in hotspots, such as narttay, north-east Germany and Poland,
southern England, Bulgaria, eastern Romania, tl@d@oavian peninsula, the north-western of SpathReortugal. During
the climatic projections is observed a general ewirsy of NO emissions towards the end of the century, regchpand
often over +1 kg N hay?, especially for the strongest climatic scenarin.aderage of 1.02 kg N4® ha® y* (corresponding
to 0.163 Mt N-NO y?) were emitted during the historical period. Thisoaunt raised 1.06 and 1.08 kg Nha' y* (0.166
and 0.170 Mt N-MO y?) in the first half of the century for RCP4.5 an@m8.5, respectively. In the second half of the wsnt
total N;O emissions assumed a further increase to 1.11.48ckg N-NO ha' y* (0.169 and 0.174 Mt N-XD y?) for RCP4.5
and RCP8.5, respectively. Separate emissions@ffddm croplands and grasslands are reported ing5g,b.

The NO emission factor (EF), intended as the ratio betwe N emitted as ) from croplands and grasslands, and the N
introduced into the system (not including the N edidby animal excretion, crop residue, atmospheegipodition, soil
mineralisation and fixation), assumed the samealtaascribed for BO over time. During the historical period the agem
EF for croplands was 1.88 % + 0.32 %, while thef@fgrasslands was 1.99 % + 0.16 %, see Fig. S6a,b.
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Figure 6. NoO emission factor (EF %) for croplands and grasidain European administrative borders (NUTS2). &F i
reported for the historical period (1985-2004), #meldifference “” with the middle (2030-2049) and the end of thataey
(2080-2099) for the two climatic scenarios RCPf8 RCP8.5. EF is calculated as ratio between thentted as O from
croplands (irrigable surfaces) and grasslands,th@dN introduced into the system (not including Mhedded by animal

excretion, crop residue, atmospheric depositioih hsimeralisation and fixation).

Combining cropland and grassland emissions oveln sanulation unit, the resulting EF was 1.82 + 0%7during the

historical period, and rose to 1.90 + 0.09 % foPRG and 1.94 + 0.09 % for RCP8.5 in the first bélhe century. EF was
2.02+£0.11 % and 2.05 = 0.11 % for RCP4.5 and R&P&spectively, in the second part of the cenfling spatial distribution
of EF values at NUTS2 scale, as reported in Figafies from 0.1 % to over 5 % in the historicalipé, to assume variations
between +1 % in RCP4.5, and up to £10 % in RCP&&.hotspots are the same described for #@dnissions. The specific
EF for the simulated crops, calculated in the mkefiom sowing (including pre-sowing managementhtosowing of the next
crop in a succession (excluding pre-sowing managémanged from 0.9 % to 3.4 % in the historicatipd, and is reported
in Fig. 7. EFs toward mid- and the end of the centaised for all the crops, with a greater impactthe RCP8.5 scenario,
except for winter soft wheat, which exhibited lovigffs values over the century, and soybeans whiesepted a low EF at
the end of the century for RCP8.5 scenario comps#odatie less strong scenario. Fig. 7 reported thefde N.O also for

grasslands, which assumed an increasing behawtowing the course of the century and the strergttiimate scenarios.
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450 Figure 7: Emission factor (EF) for YD (%) for the different crops and grasslands fetdrical period (1985-2004), toward
mid-century (2030-2049) and toward the end of #etary (2080-2099), for the two climatic scenafiSP4.5 and RCP8.5.

EF is ratio between the N emitted agONfrom crops and grasslands, and the N applied.

3.2.2 CHasemissions

The emissions of CHrom enteric fermentation are reported in FigD8ring the historical period, a mean emission @fl6.
455 kg C-CH, ha' y'* was observed, with a rate of 15.6 g CAQid! y'! (Table 1) The emission rate halved in the first part of the
century, to increase slightly in the second parthef century for RCP4.5 (4.3 g C-GHa' y') and strongly decrease for
RCP8.5 scenario (-23.7 g C-¢ha! y'1). Emissions toward the end of the year were 6g7G4CH, ha' y'in RCP4.5 (average
2080-2099), and 5.74 kg C-GHa? y* for RCP8.5. The averaged ¢Emissions per head ranged from 2.99 kg a4d'y
Lin the historical period to reach 3.03 and 3.01Ckdy head' y In the first half of the century for RCP4.5 and R
460 respectively. In the second half of the centurgaduction to 2.98 and 2.73 kg Ghead' y* are expected for RCP4.5 and
RCP8.5, respectively. The spatial distribution éfz2@missions at NUTS2 scale is reported in Fig. 9randed from O to over
20 kg C-CH ha! y* in the historical period and resulted concentraethe north-west part of Europe. During the cliena

projections, methane emissions assumed variatiotieirange of £12 kg C-GHha' y*, with increases mostly concentrated

in northern Europe.
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Figure 8: CH. emissions (kg C-Ciha? y1) from enteric fermentation grasslands with twanelte change scenarios (RCP4.5
and RCP8.5).
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Figure 9: CH, emission for grasslands in European administraiiwelers (NUTS2). Emissions are reported for hisabr
470 period (1985-2004), and difference™with mid (2030-2049) and the end of the centl2980-2099) for the two climatic
scenarios, RCP4.5 and RCP8.5.

3.2.3 Carbon fluxes

Results are presented with sign convention indigattQ accumulation as negative, and Closses as positive. Net

475 Ecosystem Production (NEP) for European croplahdsved a clear intensification of G@ccumulation until 2050. Rates
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were contrasting for RCP4.5 and RCP8.5, -3.27 dnd4+kg C-CQ ha? y!, respectively (Fig. 10a; Table 1). In the second
part of the century, a net divergence between tlieds of the two climate scenarios is expected; i€@ontinuously
accumulated for RCP4.5 (-1.66 kg C-Cha' y1), whereas a decrease is projected for RCP8.5 (@83-CQ ha' y?Y).
Extending the irrigation area over all Europearptands, which taken advantage of irrigation voluraesording to crop
needs and soil water status, produced a propottioci@ase of C@accumulation in the climatic scenarios for both finst
half of the century (+6 %) and the second half%)7 NEP for croplands is expected to increase td\#850 at low latitudes
(+3 %) for both RCP4.5 and RCP8.5 (Fig. S7a; T&dle This trend is inverted toward the end of taetary for RCP4.5
scenario (-1 %), while turn to more severe for RGR& %). In central European latitudes ®accumulated in the first
part of the century for both climate scenarios ¥Pand tended to be released in the end of thaigefdar RCP8.5 (-3 %).
Compared to central European latitudes, highetutddis shown a trend to store more,@@ the RCP4.5 scenario respect to
the historical period (+5 % in the middle of theneey and +9 % in the end of the century), wheeetendency to release €O
is forecasted for the RCP8.5 scenario, especiafijatd the end of century (-5 %). The extensionrridation to all European
area showed a clear G@ss towards the end of the century for low and hatitudes, while a potential accumulation was

observed at high latitudes.
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Figure 10: Net ecosystem production (NEP; g Cthéor croplands (a) and grasslands (b), with twmate change scenarios
(RCP4.5 and RCP8.5), and two irrigation conditiéoitowing the irrigable agricultural area in Europe extending the
irrigation to all the arable lands (i_RCP4.5 andCP8.5)

NEP in grasslands indicated a clear trend te &@umulation into the system during the histonpeiod (Fig. 10b; Table 1),
with a rate of -0.77 kg C Hay. Towards 2050 a slight imbalance and a tendencgléase C®is observed for both climate
scenarios. Towards 2100, the amount of @Gtentially stored into the system is maintain@dRCP4.5 with a loss of about
100 kg C-CQ ha' y* compared to the historical period (-622 kg C.@@* y1), while a clear tendency to G@elease was
forecasted, on average, for the scenario withoaptadion, RCP8.5. In the second half of the cen®REGP8.5 scenario
projected a potential loss of 50 % of the 2@nually stored in the historical period. A potaintelease of C@is also projected
for the RCP4.5 for low latitudes, both in the midt7 %) and towards the end of the century (-16 Gbjnpared to the
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historical period (Table S1). Higher decreased@exrasted for the RCP8.5 for the lower latitud&8,% and -37 % towards
the first and the second half of the century, repely. Conversely, for latitudes > 55° a potehgimrage of C@is expected
for RCP4.5 (+2 % and +3 % for the mid and the efnth® century, compared to the historical period)ereas the scenario
RCP8.5 gain more COn the middle of the century (+2 %) and turns égative (-31 %) toward the end of the century. The
intermediate latitudes, corresponding to the céluaope, displayed a strong susceptibility to-C€lease in both climatic
scenarios, ranging between -19 % and -31 % for R&Cif4dhe middle and at the end of the centurypeesvely, and turning
to more negative and equal to -50 % and -100 %h®RCP8.5 scenario (Fig. S7b).

NEP of the European cropland and grasslands systetained reporting emissions the surface alloctiedrable crops and
permanent grasslands in each simulation unit,gerted in Fig. 11. During the historical period, RiEaried between -7500
and +200 kg C-Coha? y'* within the European regions. Climate projectiomsveed variation up to + 2800 kg C-G@a' y

! from the historical values, identifying a tenderoystore less CQtowards the first half of the century, especiddly the
Mediterranean regions. G@tock is further reduced in central Europeanudés towards the end of the century for RCP4.5
scenario, and came to a strong reduction on abmegluring RCP8.5. A total of -1865 kg C-&la* y* (corresponding to -
338 Tg C-CQy?Y) were stocked during the historical period. Thisoant raised in the first half of the century t845 kg C-
CO; hal y?! (-336 Tg C-CQy?) for RCP4.5 and -1859 kg C-G@a! y*! (-339 Tg C-CQy™Y) for RCP8.5. In the second half
of the century NEP emissions assumed a furtheease for both climatic scenarios to -1771 kg G:@&f y* (-321 Tg C-
CO y?) for RCP4.5, and -1620 kg C-G@a' y* (-293 Tg C-CQy™) for RCP8.5.

NGHGE indicated a potential capacity of the Europpeoduction systems to store an average of -1185 Fg C-CQeq y*
during the historical period (Table 2).®land CH were able to offset the NEP by 6.2 % and 0.8 &pesetively. In the first
half of the century, the NGHGE assumed a slighticédn for RCP4.5, indicating a potential C stoalhereas remained
substantially unvaried for RCP8.5. In the second pithe century NGHGE increased for both RCP418&7 + 119 Tg C-
COseq yY) and RCP8.5 (-997 + 159 Tg C-@&@ yY), indicating a slowdown of C accumulation. Irrigatscenarios highlights
an increased potential of C stock of about 3-4 %iniy due to the greater NEP values. NGB indicddsdes from European
agricultural surfaces in the range of 236 + 107CIyeq y* for the historical period (Table 2). Losses inseghboth in the
first and the second half of the century and fahlmimate scenarios, being higher for RCP4.5 Rair8.5.
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Figure 11: Net ecosystem production (NEP) for croplands arabgjands in European administrative borders (NUTS2)
Results are reported for historical period (198840and difference ** with mid (2030-2049) and the end of the century
(2080-2099) for the two climatic scenarios RCP48 RCP8.5. NEP for croplands is reported with &hilg scenario (see the
text).

Table 2 The net greenhouse gas exchange (NGHGE) andewssilgpuse gas budget (NGB) in EUROPE during theriisal
and two climate change scenaribke elements of the budget are reporte® NCH; and the net ecosystem production (NEP;
for signs convention, negative values represettek®f carbon). Results are in Tg @@ y*. Between brackets is standard

deviation.
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Discussion

Productions

Results from this study confirmed that the effagftglimate change, implying shift of temperaturegqipitation, and plant

growing length among other factors, representsiatsedrawback to plant production.
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Air Temperature: Our findings pointed out that the increase of taimperature during the climate scenarios were
negatively correlated with productivity, leading dopersistent reductions of biomass productionaith lgrassland and
croplands. This behaviour is confirmed also by jmes studies€.g. Challinor et al., 2014; Lobell and Tebaldi, 2014;
Olesen and Bindi, 2002; Zhang et al., 2017), and mare pronounced for the more pessimistic clisatmnario (-0.15
and -0.29 t DM hdy? °C* for RCP4.5 and RCP8.5, respectively, in the 208992period). Effects of air temperature in
the European crop yields ranges from +5 % to -1foPevery degree of rising temperature for botimeliic scenarios
(remaining negative along most of the climate oigd scenarios: -1 % and -5 %, for RCP4.5 and R&P&spectively
in the period 2025-2099), as also reported by resteidies using modelling and multi-modelling ayguioes €.9. Asseng
et al., 2015: Bassu et al. 2014; Zhao et al., 20BAg et al., 2019). The extension of irrigableaaréo all European
croplands reduce the dependence of daily maximuwnnainimum air temperatures on crop production (58). This
demonstrates the fact that even with access toradelimitation in irrigation), biomass productiavill decline due to
increasing air temperatures, as reported by Migtodil. (2019). This can be seen also from biomegiggtions in Fig. 2,
considering an increase in temperatures over timerestingly, grassland productivity assumed & lpsonounced
correlation with air temperature during climatersan@os compared to croplands (Fig.12). RCP8.5 atdtarised by a strong
reduction of grassland productions in the secotitbiithe century, has an evident negative corietedvith minimum and
maximum daily air temperatures (r = -0.6, p < 0,@p)to a null correlation under RCP4.5. Furtheemarop yields were
strictly correlated with minimum and maximum aimigeratures (r = 0.64 and r = 0.57, respectiveky;(p01) compared
to grasslands, which did not show such a dependénee0.1 for both minimum and maximum air temparas),

highlighting a greater sensitivity of CERES-EGC rabib air temperatures compared to PaSim.
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Precipitation: Results confirmed that rainfall have a positifee@ for both crop (r = 0.41 and 0.13 for RCP4ril a
RCP8.5, respectively; p < 0.01) and grassland ptiatlu (r = 0.26 in RCP8.5, p < 0.01; null for RCP¥.Compared to
the historical period, a reduction of precipitatiwas foreseen in the first half of the centurylfoth scenarios (-2.1 mm
y! for RCP4.5 and -0.74 mm‘yfor RCP8.5; p << 0.01) whereas in the second diathe century rainfall increases in
RCP4.5 (+1.2 mm¥, p << 0.01) and decreases in RCP8.5 (-0.59 mnpy< 0.01). This effect was more pronounced
for low latitudes (-1.2 and -2.3 mmtyor RCP4.5 and RCP8.5, respectively; p << 0.0hygared to high latitudes where
the rainfall tends to increase during the centw;2Z6 and +0.1 mm3in RCP4.5 and RCP8.5, respectively, respect to the
historical period; p < 0.5). These expected reducin cumulated precipitation, will negatively affeproductivity with

climate change scenarios, as confirmed by Hsu é2@12) for grasslands and by Olesen et al. (26drlgroplands.

Length of crop growing cycle Apart from increases in temperature and reductioprecipitation, our simulation
highlights that crop yield is affected by the skarhg of the length of the growing cycle, as canéd by Tao and Zhang.
(2011), and Bassu et al. (2014). Bassu et al. (2pfedicted a general reduction of growing cyclegtlh for maize in
central Europe with the multi-model assessmenSalgza et al. (2019) forecasted a reduction of B2talays for maize
cultivation in RCP4.5, and up to 8 to 29 days infBG for Brazil conditions by using DSSAT/CERES-kaiMoreover,
the consistent reduction of maize productions okeskwith the climate scenarios are mostly due ¢osthorter growing
period, characteristic of the spring crops. The mitage of reduction of the length of growing cyfie wheat is consistent
with Yang et al. (2019) for the Mediterranean avdsich forecasted up to -26 days, compared to -2% dad our
simulations. Our findings confirm that climate cgarwill have a regionally distributed impact (Howdet al., 2007;
Challinor et al., 2014; Parry et al., 2005; Loksid Tebaldi, 2014) even in scenario that includiggation measures to
offset climate change (RCP4.5), creating the pd#gilto the design cropping systems with multigeps in a year.
Furthermore, a certain number of crops can bevatiéd in the Europe even in the worst climate séersnd can
potentially yield higher productions than todayhagh latitudes, while a whole reduction in crop guotion is expected

for low latitudes.
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Figure 12 Correlation matrixes for croplands and grasslamsidering the most interesting indicators fer thjectives of
this study. Correlation is presented for the histmperiod (1978-2004) and for the RCP4.5 and RE&B8enarios; for
croplands the irrigated and irrigable scenariogeperted in Fig. S8.

Finally, as reported in the result for the histatidata (chapter 3.1.1), the productions of crogland grasslands are in line
with available data and the recent, albeit scaitaature, making this study coherent and repredime. Regarding the
climatic projections, our study predicted an avergigld for croplands of 4.49 t DM #a* (ranging from 3.55 to 5.49 t DM
ha! yY) in the period 2015-2099 with the RCP4.5 scenawitich is in line with the previous estimated yldported by
Lugato et al. (2018) of 4.34 t DM #a/* (ranging from 3.69 to 4.90 t DM fas?) for the same period and climate scenario
by using DayCent model.

Assessing the effects of climate change in the [ieao croplands and grasslands, our study giveposifpr the identification

of climate smart practices. Among these, the mduuiaf crop sowing dates or the implementatioriregation, represent

possible solutions in the short to medium termrevpnt water stress (Lehmann et al., 2013).

Sowing date Shifting sowing dates represents a promising td@m to overcome yield drop (Olesen et al., 2012)

Accordingly, our results showed that earlier sowitefes are expected for spring-sown crops undereutlimate
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scenarios, compared to historical dates. Differsrmween historical and future sowing dates rafiiged O to -5 days
for both RCP4.5 and RCP8.5 scenarios towards 20B6reas at 2100 horizon earlier sowing dates ardigted with
differences of -5 and -7 days for RCP4.5 and RCP&d$pectively. This clearly shows that the climeltange allows
significantly more advanced sowing in Europe, agicmed by Tubiello and Rosenzweig (2008). For wirgown crops,
sowing dates extended in a range from +5 to +9 ttayard 2050, to +13 days in the end of the cenfiuriRCP4.5. These
increases raised in RCP8.5, ranging from +7 totet&rd 2050 and reaching +19 days on the way t® ZI0e extension
of irrigation in all simulated crops in Europe hadegligible influence on the length of the cropleg, as discussed by

Minoli et al. (2019), despite an increasing demahaater over the course of the century.

Irrigation : Water demand has been shown to increase by g the first half of the century, to slightlgctease in
its second half for RCP4.5 (-2 %) and increaseraffai RCP8.5 (+23 %) scenario. These changes aliiaarwith the
results of the multi-model approach used by Wadal.e{2013) analysing the uncertainty of the resgoof different
hydrological models over Europe. Wada et al (2&h®)wed a decrease in water demand for irrigatisatd 2100 of <5
% for RCP4.5, and a rise of >20 % for RCP8.5 indper Furthermore, from our study we observed tretemwdemand
would assume a strong regionally variation in Eeropith low latitudes needing 227 mm gn average in the historical
period (mean 1985-2004), an order of magnitudeerigtespectively, than mid latitudes (29 mi) snd high latitudes (9
mm y?). These proportions between the latitudes remaimedried over the course of the century, wherddsamd high
latitudes displayed a 20 % increase of water dentawdrds 2050 (mean 2030-2049) compared to histiopieriod, in
both climate scenarios. This phenomenon for loituidés is strictly related to climate perturbat{@e. strong increase of
air temperature and reduction of rainfall), whicicreased crop water demand (Olesen et al., 201tfhdfmore, the
potential increase of water demand even in midragh latitudes, confirm that irrigation need tosagplied even for the
crops that are now commonly rainfeeld. spring and winter soft wheat, spring barley, sanéir, rapeseed). Towards
2100, the water volumes needed for European crdplarre largely reduced to under the amounts obdeturing the
historical period, especially for low latitudes.ele findings underline that even with high avaligbof irrigation water,
the reduction of the crop growing cycle for theuattcrop varieties, which sharpens toward the dnihe century, is
decisive to determine drops of yields. This is mariglent for grain maize, the most water-demandnog (Fig. 3), which
needs an additional +35 mmt yaverage over Europe) to support production tow{d'§0, compared to the historical
period. Towards 2100 water demand for maize remidargtical to the historical period for RCP4.5, lghihcreased (+25
mm y?) for RCP8.5. Conversely, water demand for wintdt wheat remained constant along the century dtin RCP4.5
and RCP8.5 scenarios, whereas i RCP4.5 and i RGE&arios confirmed an increasing water demaiadbadit 50 mm

(average over Europe; Fig. 3), as confirmed by Yetra). (2019) for the Mediterranean regions.
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Effect of climate on NO and CHsemissions

Emission of non-C®@ GHG such as PO and CH form enteric fermentation are strictly relatedtbe trend of biomass

productions (Maaz et al., 2021).

N20. The estimation and the projection ofONemissions in the historical and the climate cleascenarios were in line
with other model integrations over Europe. Lugdtale(2017) estimated averaged emissions rangorg .18 to 2.63

kg N-N,O ha' y* in the period 2010-2014 for both cropland and gjeasls production systems with the DayCent model.
In comparison with Lugato et al. (2017), we fouidikar results for the Mediterranean latitudes (abb kg N-NO hat
y1), while we predicted significantly lower emissidios Central Europe (1.1 kg N2 hat y1, this study), as well as at
higher latitude (0.96 kg N Hay%, this study), compared to 3 kg N® ha' y* forecasted by Lugato et al. (2017). Indeed,
lower emissions at high latitudes were also repldoieother studies (World Bank; Eurostat, 2017hfatet and Bouwman,
2006; Wells et al., 2018). Other research in te&lfivere also within the range of our resetg. Reinds et al., (2012)
estimated emissions ranging from 1.1 to 2.4 kg #0-Na* y* for arable lands for the year 2000, de Vries e{2011)
0.27 and 0.38 Mt N-pD y* for fertilizers and manure, and from grazing, esdjvely. Recently estimation by Eurostat
(2017) reported values of 0.39 Mt D y* (184.8 Tg C@eq) for the year 2015, based on lower Tier methagiglwhile

our study reports lower values equals to 0.17 M9 y* (80 Tg CQeq) for the same year. Tian et al. (2020) reported
emissions from EU agriculture based on global itwees in the order of 0.51 Mt N49 y! in the decade 2007-2016,
significantly higher than those found in our stffyl7 Mt N-N:O y%) for the same period. In addition, the estimatiyn
Tian et al. (2020) included also manure managerardtaquaculture, and suffers from high uncertangieen by the
quality of the data and statistics used as inpdt &remost, by the use of default emission factBesgarding climate
projection studies, Lugato et al. (2018) quantifie® emissions for croplands in the RCP4.5 scenagmnting losses of
1.81 and 1.77 kg N-D ha® y*for the first and the second part of the centuegpectively. These estimations resulted
comparable, while slightly higher, to the emissifarscroplands issued from our study, both forfthet part of the century
(1.53 £ 0.23 kg N hy?) and for the second (1.66 + 0.28 kg Ntya). Our study highlighted that crop type is a sigpaifit
determinant of BO EFs of fertilisers, with most of the cereals IngMiow EF (barley, fodder maize, soft spring whesad
rapeseed; mean = 1.1 %), and pulses, soybean ¢eid pchigh (mean EF = 3.1 %), during 1985-200dgrdtion period.
The highest EF for leguminous crops indicatesttimtmanagement of fertilisation for these cropgoothe rotation itself,
can be improved on the input data. Finally, infatioraabout crop-specific EF turns to be usefulésign crop successions
and compiling emission inventories (Myrgiotis et 2019). However, our results were higher thanltfé default value
defined by the IPCC guidelines for the N appliecdpicultural soils, mainly because we considey dné N applied as
fertiliser, neglecting animal excretions, crop dess, deposition, mineralization and fixation. Amywthis default factor
shows large uncertainties at local to regionales;aéspecially for agricultural.® emissions, due to the scarce captured
dependence of emission factors on spatial diveo§itganagement, pedoclimatic, soil physical andlémnical conditions
(Leip et al., 2011; Reay et al., 2012; Shcherba#l.et2014; Cayuela et al., 2017). We observed kh&t emitted from
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665 croplands had a significant and positive correfafip < 0.05) with rainfall (r = 0.47), as well asnimum and maximum
air temperatures during the historical period (Rig). The correlation with the minimum and maximaimtemperatures
increased (p < 0.01) depending of the climatic ades (r > 0.5 for RCP4.5 and r > 0.9 for RCP8.g; E2), while the
relation with rain turned to negative for RCP8.5-(f0.32, p < 0.01). This trend inversion is prdgatbnnected to the
strict dependency of JO emissions to the length of crop growing periatheéathan the yearly cumulated rainfall, which

670 can occur outside of the cultivation period, a® aated by Shcherbak et al. (2014). Accordindlg, ¢orrelation from
N20 and the irrigation amount occurring during thitieation period raised in the climate scenarios (.23 and 0.59 for
RCP4.5 and RCP8.5, respectively; p < 0.01). Mored\#© emissions from cropland and grasslands werepmhively
correlated with soil clay content (r > 0.5, p <1).@ata not shown) for values lower than 32 %,igkdr clay content can

promote complete denitrification (Weitz et al., 2D0

675 CH4. Methane emissions in EU were mainly concentratethe regions with the highest density of grazamgmals
(Vuichard et al., 2007). The range of the emiss&gnsilated in this study were in line with the slation of Chang et al.
(2015), which found emissions of 18.7 + 7.9 kg C,Ctd* y* (period 1961-2010) and by Hortnagl et al. (2018) b
experimental trials from central European grassaSdussana et al. (2007) reported emissions awepE higher then
to our study, 41 kg C-Crha® y* with comparable animal densities, as well as Vaudtet al. (2007) with 108 kg C-GH

680 ha' y! using PaSim model, but with a higher stocking.rétel, emissions decreased towards the end of the century
especially in the RCP8.5 scenario, due to reduteudss productivity of grasslands that reduced ahimake (Fig. 2)
and the stocking density, which is reduced to 8d¥mmared to RCP4.5 in the last decade of the cenReguction of
stoking density was also found by Chang et al. $20Eurthermore, rising temperatures and reducedigitations could
be able to decrease the protein content and thestilijity of the forage, resulting in a possibésluction of NO losses

685 from dung and urine in pastures. However, this raaism could be compensated by in an increase dianet(CH)
losses (Wilkinson and Lee, 2017).

Nitrogen Use Efficiency (NUE).We observed an increase in the NUE for the Eumopeaplands, especially for the mild
climate change projection. Compared to the histbperiod, in the RCP4.5 scenario, there is a rigoiuin the correlation
between MO emitted with the other N losses (Bl@nhd NH,) and crop yield (Fig. 12). Conversely, there isrdensification
690 of the dependence with the N dose. In fact, witlidantical amount of N applied in the rotations otfee simulated years,
both NG and NH losses were reduced along the century (data wet)skand crop yields increased, at least, until(R05
This indicated a potential increase in the NUE. t€éaet al. (2016) observed an increase of the NYEU50 due to the
increasing yields, support our findings. The immnoent of NUE is a key factor to reduce environmemgative effects
and mitigating GHG emissions. Bouwman et al. (20@8jcated that NUE improvement could reduc®MNemissions by
695 more than 30 % by 2050 in the RCP8.5 scenario.h@mther hand, in the RCP8.5 scenario the coroaldietween D
emissions and N dose is lost (p > 0.01), and agtinegative (p < 0.01) score between yield andgén losses took place,

indicating a reduction of NUE. This lack of relat&hip is most probably connected to the interanaaghbility of NbO
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emissions in the strongest scenario and in thenskpart of the century. Higher NUE are typicallfow European latitudes
than mid and high latitudes, since yields are gahehigher and the N losses lower (Sutton et2f111). Improving actual
agronomic practices to improve NUE could have seMveenefits. These practices can increase crogsyhd reduces
reactive N losses, including. emissions (Lassaletta et al., 2014; Myrgiotislet 2019). In this context, irrigation
represents a fundamental intensification practasounteract the effects of climate change in gnaggluctions (Minoli et
al., 2019). In our case, the extension of the atian to all cropping systems in EU significantlodeased N losses as (-5
% for NG; leaching and -4 % for Ndemissions, on average, for both i RCP4.5 and i &&Bcenarios), and increased
crop yield (Fig. 2), leading to a potential incre&s the NUE.

Concerning grasslands, we noted weak relationsiiiywden NO emissions and N application doses. This is madoky

to the calculation of N doses and management aadidén of animal loads, fraction of leguminous,witg events and
available amount of mineral fertilizers and / ogamics. During the historical period,® emissions were positively
correlated with N@ and NH losses and negatively correlated with productioegpresenting a potential low NUE.
Moreover, NO emissions in grassland were anti-correlated @ith emissions. Cklemissions are rather positively related
to biomass production and livestock intake. Theeftow biomass production could potentially in@e&0O emissions,
due to low NUE, and can decrease @b$ses, due to low livestock intake. SurprisinglyQ emissions in grasslands were
weakly correlated with meteorological variablegesally minimum and maximum air temperatures, whsra relation
with rain and solar radiation is noticeable for RCE while is not evident for RCP8.5. As observeddroplands, the
relation between PO and NH emissions is positive, especially for the RCP&®&nario, to indicate a possible reduction
of the NUE.

Potential carbon stock

NEP. The NEP represents a simple indicator of carborage potential, since does not account for C renoverms of
yield, animal intake or crop residues. Concernir@pland, our results are directly comparable wititd€h et al. (2010)
during the historical period who observed fluxes 200 + 1130 kg C-C@ hal y! based on field measurements in
multiple sites in Europe (see Table 1), confirménget potential storage of C. Regarding climateades, a noticeable
decline of C uptake was predicted in north-westenopping systems (British islands, Scandinavianinseta) and
Mediterranean area. This is most probably due,edsly, to the increase of soil heterotrophicpiesgtion caused by
climatic factors, and to a potential reduction &M as also reported by Kirschbaum (1995) (Fig. B@jther decreasing
values of NEP (towards carbon stock) were evidetité central and in the north-eastern Europeacally in the first
part of the century. A substantial increase of NE&oplands was predicted towards the end of éméury for the RCP8.5
scenario. This increase is most probably due tdothvdevels of heterotrophic respiratioine( microbial respiration due to
soil organic matter decomposition processes) reletea partial soil coverage.g.no cover crops) of the simulated crop
successions (Emmel et al., 2018). Conversely, assiands systems we observed lower averaged veduesared to

arable lands. This is related to the continuousnhigs removal from grazers, the general higher obweSOC in the

29



735

740

745

750

755

760

topsoil, the long-term land use (Morais et al., 20hnd the larger heterotrophic respiration tlaracterises these soils,
especially if extensively managed (Bahn et al.,8)00 hese evidences were also described by Chang @04l5) who
simulated an average of -570 kg C@* y* between 1961 and 2010 for EU (close to -622 +6Z+CQ hat ytin the
historical period from our study). In general, ar@#ere the heterotrophic respiration is enhangeclitmatic drivers or
by high amount of SOC, would lead to lower valuéeNE&P (Chang et al., 2017). This is the case ferribrth-east of
France and the British islands, while for the Sa@agdan peninsula and north-east Europe, charaetty low C and
low heterotrophic respiration, NEP reached higlaues. These findings point out that in view ofravgng productivity
expected towards 2050, storing additional (newbaarwill be more challenging in areas charactertsetligh levels of
SOC (Hassink and Whitmore, 1997), mainly due tdiHeyels heterotrophic respiration. Finally, grassls remained a
potential sink for C during the historical periaghich was in line with experimental measurement$gpmed in the last
two decadese.g.-2470 + 670 kg C-Coha’ y! reported by Soussana et al. (2007), and -25 6 g/M8g C-CQ ha' y!
reported by Hortnagl et al. (2018). However, owutes were slightly higher in absolute value thea mean value
simulated by Chang et al. (2015) from 1961 to 205@0 * 210 kg C-Cohat y1).

N2O emissions from croplands were able to offsetuycell the C sequestration potential. Offsets wetberorder of 5.4
% for the historical period, and up to 6.1 % ar&l%. in the end of the century for RCP4.5 and RCR&dpectively. The
extension of irrigation to all European arable mneduced these gaps, mainly due to the incredsesvaf NEP (5.4 %
and 7.1 % for i_RCP4.5 and i_RCP8.5). Few dataagadable in the literature regarding the £&orage potential for
croplands (Emmel et al., 2018). Our results cordgunthat croplands may act as a potential sink @@n ignoring C
exports by harvest (Buysse et al., 2017; Cesclaa,e2010).

N20 and CH emissions in grasslands were able to offset NEglthe historical period by 17 % and 1 %, respeby.
These results are compatible with the studies teddsy Soussana et al. (2010) who displayed offsets EU of 34 %
and 10 % for MO and CH, respectively. During climate projection, the effsises to 22 % for XD and 1.2 % for Chl
towards 2050 for both RCP4.5 and RCP8.5. In therskpart of the century J emission offset the potential carbon
sequestration by 26 % and 52 % for RCP4.5 and RE&CR&spectively, while CHoffsets varied between 1.2 % and 1.9 %
for RCP4.5 and RCP8.5, respectively.

GHG emission budget

For both cropland and grasslands,G@rage potential (estimated from NEP) providedigingest term in the net greenhouse
gas exchange balance (NGHGE), confirming the stwt¢fny Jones et al. (2016). The NGB, calculateti@balance between

NGHGE and other C forms.€. harvest, manure and crop residues), indicatecBhaipean agricultural surfaces are a net C
source. The most important components that detedninese losses were the C exports, yielth{f=s and crop residues
(Fc-residue}, Which varied proportionally to the NEP in therieas climatic projectiond,e. the lower the NEP, the lower the

yields. The non-C®GHGS, despite being high especially in the RCR8&nario towards the end of the century, had amino
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impact in the differentiation of the two climaticenarios, although they represent an important oot in the overall
carbon balance at the European level (see Table 3).

765 The values observed for NGB highlight that C ingnte the system such as organic fertilizers (tlamunes used in this study
have a C:N ratio of 25 and represent 2/3 of thepmmant k-manurd, OF actions aimed to recycle a portion of biomasthe
field (crop residues management), are essentiatfpoove the overall C budget toward a net storagegeported by Ceschia
et al. (2010) and Buysse et al. (2017). Moreowver findings shown that the contribution of cropides roughly corresponded
to the carbon deficit in Europe. Therefore, cropidee could play a key-role in land-based mitigatad anthropogenic

770 emissions, as also reported by Stella et al. (20183 is in line with the4 per 1000 initiative (Rumpel et al., 2019) promoting
the maintenance of soil fertility as a key to aghi&HG mitigation strategies. In addition to thatsg diversity observed on
the European agricultural area, the achievemenhisfgoal depends on the complexity of rural, eeoiep and political
structure of the territories (Amundson and Biarde18). Furthermore, local policies can be sumublly simulation tools
as used in this study, bearing in mind that thiégotiveness can be affected by the omission gidamariances given by varied

775 characteristics of small extents. Finally, irrigatimanagement extended to all European croppirgitaable to increase the
stored C (NEP = -3 %), but increases the contidioutf Fc.resiquesand the non-COGHG (up to +4 %), leading to slightly
higher C deficits.

Uncertainty, limitations and novelty

780 The extension of field-scale models to a regiomales faces several challenges associated withejesentation of the
systems under study, which can affect the confiderianodel outputs (Challinor et al., 2014; Folhet al., 2019).
1. Input data requirement for such models for large and hetereges areas are difficult to fulfil (Therond et, al.

2011). Soil and climate inputs are directly avaldafrom European databases at different spataluéons. Details
on crop and grassland managemerd.ype and amount of inputs, timing of operatioihagie system, crop varieties)

785 are less readily available and are an importantcsoof uncertainty (Molina-Herrera et al., 2016).0ur assessment
we used a dataset for cropland, with data of cigptions resulting from a spatial crop cultivatidistribution
(NUTS2) and by crop succession likelihoods on &&solution scale (1 km). For instance, this datde not report
details about management or crop growth parameiés. absence of plant phenological development, data
constitutes a relevant source of uncertainty imoreg assessments (Minoli et al., 2019) since #fégct crop growth

790 and growing length, the biogeochemical cycles fi¢dint scale and are key for future projection.deal with this
lack of information, we calculated crop-specifioMiog and fertilisation dates as a function of clieméRramirez-
Villegas et al., 2015), together with the uses iffetent crop varieties following a latitudinal gliant to fulfil the
thermal units needed, N doses and the crop-speesdidue management, aiming to reduce the uncartafrinput
data (Hansen and Jones, 2000). Furthermore, thefuse different crop rotations per simulation waitempt to

795 cover a range of uncertainties existing below hegtial resolution of 0.25°, which, however, canbetassumed to

31



800

805

810

815

820

825

be fully covered by the range of setups presergeel hn the present work CERES-EGC model used fiegdmeters
issued from a calibration over different sites ld Eehuger et al., 2010; Lehuger et al., 2011; gasd of fit, R2 =
0.59 to 0.76 for NEP; error of prediction reducgdb10% for NO compared with the model’s standard parameters).
Grasslands, as previously reported, were simulatdtda parameter set resulting from a multi-sitBbcation for a
network of EU grasslands.€. flux tower network, see Ma et al., 2015; goodnafskt, R2 =0.4 to 0.9). Likewise,
PaSim follows an adaptive management based ontelilBace the information concerning the input daaalready
the result of a scaling process, we retain thatiregertainty analysis concerning the input dataoisappropriate
(Hansen and Jones, 2000).

Calibration of models: to fulfil this task over large areas, data repreig the spatial and temporal variation of
models’ parameters are required. Although both nsokdave been calibrated and verified with direcseslaations
under various pedo-climatic and management comditad the field-scale, comprehensive studies atmedlibrate
these and other models with spatially extensive teries are still scarce (Balkowit al., 2013; Lehuger et al., 2010;
Lugato et al., 2010; Vuichard et al., 2007). Daggragation over the same extent can be used tesagsedel
representations, even if they do not represenfi¢te-scale conditions for which the models haverberiginally
calibrated (Lugato et al., 2017; Therond et all,2®an der Velde et al., 2009), exposing themhooader range of
conditions é.g.weather and soil characteristics). Indeed, dealiitig lacking and heterogeneous input data requires
different procedures of downscaling and upscalorgttie different data types, which potentially ¢dnite to feed
the uncertainty of the representation. Consequemtlgjecting regional model responses under futimmate
scenarios requires careful understanding of inpdtraodel uncertainty (Asseng et al., 2013; Chatlitoal., 2009).
This is the reason why the two periods of tempagairegation considered in the present study, lisiicand climate
scenarios, provide outcomes with different levdlsanfidence. In the historical period, results abtained based
on the spatial aggregation of real (statisticatpday means of models parameterised with currahtdionate and
vegetation conditions. The outcomes of the clinsatnarios deal with the uncertainty related testhesitivity of the
model parameters and the algorithms to climateatsées, which is expected to be different due todiverging
intensities of the two projections and the différeonditions in the near- and the long-term (216@y. this reason,
direct comparisons between the two aggregatiorogsishould be done with caution.

Model validation: Data quality and availability prevent also theidafion of regional scale models, even if literatur
report some effort (Challinor et al., 2009; Faietal., 2004; Niu et al., 2009). Comparing the atgpith statistical
data aggregated at regional scale (productionsyvatl to obtain indications about the magnitude infutated
variables at the same spatial extent. Furtherna@sgssing the ranges of the model outgugsyield, with measured
data and over EU (r = 0.92, p<0.01 for croplandg,31; r = 0.68, p < 0.05 for grasslands, Fig $)w&ll as other
modelling interpretations (even if grounded oneatiént approaches), contributed decidedly to ineréaes reliability

of our estimations.
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Finally, literature reports similar studies aimitogestimate crop and/or grasslands productions, @hh&sions and carbon
storage at regional scale (Chang et al., 2017; tougfeal., 2018; Blanke et al., 2018). Comparettiémn, the novelty introduced
by this study grounds on the combination of twocHjemodels for the systems under study, for teéailed and dynamic

management options (Leip et al., 2008; Lugato .e28l17) and for the finer spatial resolution (€iat al., 2010; Iglesias et
al., 2012; Lugato et al., 2014; Vuichard et al.020 Moreover, albeit aggregated in simulation sindtur work considers a
variety of pedoclimates over EU and is not basedroextrapolation of a few points or on a singledpean area (Ceschia et
al., 2010; Kutsch et al., 2010; Myrgiotis et alQ1®; Soussanna et al., 2010). Knowing and coniglthe sources of

uncertainty from regional applications could besg o the improvement of decision-support toolstfar design of policies.

In this context, providing a range of possible outes, the application of multi-model ensemble (Bhahet al., 2018; Martre

et al., 2015; Sandor et al., 2018; Rosenzweig.e8ll3) at regional scale, could represents aatddutool to tackle this

uncertainty. Increasing spatial resolution of thput dataset we used (weather data) could repredsmta key to further

reduce uncertainties from input data in future éasgale applications (Folberth et al., 2019; Hofimat al., 2016; Stella et
al., 2019).

5 Conclusions and perspectives

In this study we presented the combined spatidlaisaof two specific models for crops and grasd|aa quantify the effects
of climate change on the European agriculturalesgst Results clearly showed that the productiofido@istable in the first
half of the century, while a strong reduction witicur during the second half of the century, esilgcat low latitudes, and
mainly due to a reduction in the length of growmgle. Non-CQ greenhouse gas emissions were triggered by timg ris
temperatures, increasing significantly in the secpart of the century. At the EU scale, both geas$é and croplands are
potential carbon sinks, although this potentiakiduced by the negative effects of climate changproductivity. Biomass
removal from the agricultural surfaces (yield aray)h combined with the animal intake and the rerha¥arop residues,
transformed the production systems into a net soofcarbon. In this framework, the introductioncafbon with fertilizers
and dung was not able to counterbalance these asofC. Crop residues restitution could be amttéstrategy to improve
the overall carbon balance towards a C neutraditygven towards a C storage. The effects of crejuues recycle on #
emissions and the greenhouse gas balance needrigdstigated with further researches. Our studglights that storing
further carbon in areas characterised by high $29250C will be more challenging in the future eTéxtension of irrigation
to all European croplands highlights a signifidanstease of water demand over the next few dedad@asost of the European
croplands, whereas the benefit in terms of crofayiéll not contribute substantially to fill the gaf carbon losses.

Our findings show that productivity, GHG emissiaral changes in soil C-stock have a heterogeneaimlisgistribution.
This underlines the need of targeted agricultuddities at territorial scale aimed to avoid the rié significant reductions of
productivity and mitigate the negative effects difmate change, foremost expected in the second dfathe century.

Accordingly, this transformational adaptation hasdeal with socio-economic and political dynamies, well as land
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suitability (Fischer et al., 2005; Chaudhary et2018, Martin-Lopez et al., 2019). This work pbes a database on cultivation
and management of cropland and grassland at dedbsgiatial level, which can be improved and exptbin future work to
test different management options, new or a contiinaf agro-ecosystem models, climate change ptiojes, crop varieties

or floristic compasitions, and the support for fit@ctions.
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