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Abstract. This study describes how management of grassprovisions to simulate the carbon fluxes of forage yield,
lands is included in the Organizing Carbon and Hydrology in herbage consumption, animal respiration and methane emis-
Dynamic Ecosystems (ORCHIDEE) process-based ecosyssions.

tem model designed for large-scale applications, and how
management affects modeled grassland-atmosphere CO

fluxes. The new model, ORCHIDEE-GM (grassland man-1 |ntroduction

agement) is enabled with a management module inspired

from a grassland model (PaSim, version 5.0), with two grassGrassland is a widespread vegetation type, which covers 20
land management practices being considered, cutting angb 40 percent (26.8 to 56 million kf) of the whole land sur-
grazing. The evaluation of the results from ORCHIDEE com- face on the earth, depending on the grassland definition (Sut-
pared with those of ORCHIDEE-GM at 11 European sites, tie et al., 2005), and plays a significant role in the global
equipped with eddy covariance and biometric measurementsarbon (C) cycle. At the global scale, grasslands were esti-
shows that ORCHIDEE-GM can realistically capture the mated to be a net C sink of about 0.5 PgC per year (Scurlock
cut-induced seasonal variation in biometric variables (LAI: and Hall, 1998), but with considerable uncertainty. Schulze
leaf area index; AGB: aboveground biomass) and i, CO et al. (2009) recently inferred a net C sink in European grass-
fluxes (GPP: gross primary productivity; TER: total ecosys-lands of 57 34gCnT2yr~! from a small sample of flux

tem respiration; and NEE: net ecosystem exchange). Howtower net ecosystem exchange (NEE) measurements, com-
ever, improvements at grazing sites are only marginal inpleted by C imports/exports at each site to estimate net biome
ORCHIDEE-GM due to the difficulty in accounting for con- production (NBP). When accounting for emissions of non-
tinuous grazing disturbance and its induced complex animal-CO, greenhouse gases (GHGs) such as methang)(fetin
vegetation interactions. Both NEE and GPP on monthly tograzing animals and nitrous oxide from soil nitrogen (N) ni-
annual timescales can be better simulated in ORCHIDEE trification/denitrification processes, the European grasslands
GM than in ORCHIDEE without management. For annual were estimated to be nearly neutral for their radiative forcing,
CQ; fluxes, the NEE bias and RMSE (root mean squarewith a net balance of14+18 g CQ-C eqnm2y~—1 (Schulze
error) in ORCHIDEE-GM are reduced by 53% and 20 %, et al., 2010). Grasslands sequester C in soils — and sequestra-
respectively, compared to ORCHIDEE. ORCHIDEE-GM is tion is likely favored by high belowground C allocation and
capable of modeling the net carbon balance (NBP) of mantoot turnover, and possibly by N fertilization (Schulze et al.,
aged temperate grasslands 830gCnr2yr-1 (P<0.01)  2010).

over the 11 sites) because the management module contains

Published by Copernicus Publications on behalf of the European Geosciences Union.



2166 J. F. Chang et al.: Incorporating grassland management in ORCHIDEE

Most of grasslands are cultivated to feed animals, eithert al., 2001a, b), NElvolatilization (Riedo et al., 2002) as
directly by grazing or indirectly by grass harvest (cutting). well as CH, emissions from animals (Vuichard et al., 2007a),
Grassland management (including cutting, grazing and fertil-considering a range of management options (N fertilization,
ization) affects the ecosystem C, water and nutrient cycles, asutting and grazing practices).
well as the planetary surface energy balance (Feddema et al., Similarly to plot-scale grassland models, dynamic global
2005; Foley et al., 2005). A net sequestration of C in grassvegetation models (DGVMs) are based on equations describ-
land soils can be caused by increased litter input associateithg biogeochemical and biophysical processes and simulate
with increased forage production (Conant et al., 2001) and/othe C, N, water and energy fluxes and pools dynamics. These
by decreased soil organic matter decomposition, for instancenodels are generic enough to be applied for regional budgets
in response to N additions (Berg and Matzner, 1997). Soiland long-term simulations, and some of them can be cou-
C was observed to increase in a grazed semiarid mixedpled with regional or global climate models. Most of them
grass rangeland (Schuman et al., 1999; Reeder and Schumatescribe vegetation into few plant functional types (PFTSs)
2002) because of an accelerated shoot turnover. Howeve(i.e., grassland, crop, forest types, etc.) that share the same
soil C can also decrease in response to over grazing or poaet of equations and parameters. These models commonly
pasture management (Fearnside and Barbosa, 1998; Abiiteat grasslands as being unmanaged, thereby ignoring pro-
and Bucher, 1999). Light-to-moderate stocking density wascesses related to agriculture. Only very few DGVMs consider
also found to increase C sequestration in the soil (LeCaircultivated grasslands, and with simplifications. For example,
et al., 2002; Reeder and Schuman, 2002), which was partlyhe LPIJmL model (Bondeau et al., 2007) includes an ide-
attributed to a more diverse plant community and a denseaslized “human” or “livestock” disturbance to grasslands by
rooting system. Cut grasslands can also sequester C (Souprescribing a removal of 50 % of aboveground grass biomass
sana et al., 2007), but cut European grasslands were on avgfAGB) when grazing, with 5% of grazed AGB entering the
age found to accumulate less C than grazed ones (Soussattter pool and the rest (95 % of grazed AGB) returning as
et al., 2010). Fertilizer application also affects grassland soilCO; flux to the atmosphere.

C (Jones and Donnelly, 2004). In particular, a moderate N Currently, most of the land surface models have a poor (or
fertilization was found to increase the organic matter input tono) representation of the management impact on grasslands.
the soil more than the soil C mineralization, which favors C Incorporating the grassland management into the Organiz-
sequestration (Soussana et al., 2004). ing Carbon and Hydrology in Dynamic Ecosystems (OR-

A better understanding of the C fluxes from grasslandCHIDEE) land surface model can improve the model abil-
ecosystems in response to climate and management requiréy in estimating C balance for cultivated grasslands, which
not only field experiments but also the aid of simulation enables us to go a step further in assessing C dynamics at-
models. The latter aim at explicitly representing the ac-tributed to climate change and human cultivation.
tual systems, providing a feasible way to predict long-term Here, in order to model the impacts of cultivation on Eu-
(compared to experiments) response of ecosystem to exteropean grasslands, we include parameters and functions re-
nal factors such as climate change and management prdated to management (e.g., harvested biomass, enteric CH
cesses. Many grassland models have been developed and agwissions and animal production) in the model ORCHIDEE
plied at different scales (from the plot to the global scale). DGVM. The objective of this study is to improve the rep-
Parton et al. (1988) developed the Century model to sim+esentation of grassland by integrating interactions between
ulate soil C, N, P, and S dynamics. The grassland ecosyselimate, grass growth and management originating from a
tem model (GEM, Hunt et al., 1991, latest version GEM-2, managed grassland ecosystem model (i.e., PaSim, Vuichard
Chen et al., 1996) links biochemical, biophysical and ecosyst al., 2007a) (Sect. 2). Model performance of the modified
tem processes in a hierarchical approach to simulate C anthodel was evaluated for 11 eddy-covariance (EC) sites in
N cycles, but focused only on natural grasslands. A sink-Europe (Sect. 3) simulating the biometric variables and the
source growth model for prediction of biomass productivity monthly to interannual variability of C fluxes.
of Lolium perenngrasslands named Lingra (LINtul GRASS)

(Schapendonk et al., 1998; Rodriguez et al., 1999) takes cut

practice into account. The Simulation of Production and Uti-2  Model description

lization of Rangelands (SPUR2.4, Foy et al., 1999) model is

able to track C, N, and water flows in rangeland ecosystem®.1 ORCHIDEE (Organizing Carbon and Hydrology In

and predicts their response to grazing practice. The Hurley Dynamic EcosystEms)

Pasture Model (HPM, Thornley, 1998) describes the C, N

and water fluxes in a grazed soil-pasture—atmosphere sy©RCHIDEE is a process-driven dynamic global vegetation
tem. The process-based model PaSim (Pasture Simulatiomodel (DGVM) designed to simulate C and water cycle from

Model; Riedo et al., 1998) was derived from the HPM to site-level to global scale (Krinner et al., 2005; Ciais et al.,

simulate C fluxes exchanged with vegetation, soil and ani-2005; Piao et al., 2007). Itis composed of two main modules.
mals and the atmosphere;® emissions from soils (Schmid The SECHIBA (soil-vegetation system and the atmosphere)
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parameterization computes the energy and hydrology budged.15 kg DM nT2) is left in field. PaSim assumes that a cer-
on a half-hourly basis, together with photosynthesis basedain amount (e.g., 5%) of the grass harvest is lost as lit-
on enzyme kinetics (Viovy and de Noblet, 1997). These re-ter. For grazing, the version of the animal module of PaSim
sults are fed into a module of ORCHIDEE called STOM- (version 4.5) developed by Riedo et al. (2000) was further
ATE, which simulates C dynamics on a daily basis: grossimproved by Vuichard et al. (2007a). Riedo et al. (2000)
primary production (GPP) is allocated to different organs, simulated animal herbage intake, milk production (MP), re-
and then respired by the plant or by soil microorganismsturns, respiration and CHemissions from pastures grazed by
when parts of the plant die. These processes determine sedairy cows or sheep with simplified equations. Vuichard et
eral ecosystem state variables such as leaf area index (LARI. (2007a) further developed this animal module by includ-
and canopy roughness, which are fed back into SECHIBAIng (i) the detrimental effect of trampling on herbage and (i)
because they control the energy and water budgets. The equeattle selection among shoot compartments when accounting
tions of ORCHIDEE are described in Ducoudré et al. (1993)for the grass availability and digestibility (see also Vuichard,
for SECHIBA and in Krinner et al. (2005) for STOMATE, 2005, for detailed equations). In the version of Vuichard et
and can be found &ttp://orchidee.ipsl.jussieu.flAsinmost  al. (2007a), CH emissions are modeled following Pinares-
DGVMs, the vegetation is discretized into a discrete numberPatino et al. (2007) from an empirical-based linear regression
(13) of PFTs over the globe. For grassland, C3 and C4 grasef animal emission with digestible neutral detergent fiber in-
are included and treated like unmanaged natural systemsake (DNDFI) calibrated for dry and early pregnant suckler
where C—water fluxes are only subject to atmospherie CO cows. Simplifications included constant animal live weight
and climate changes. Here we use version 1.9.6, which can band intake capacity during simulation, a grazed only diet and
accessed dtttp://forge.ipsl.jussieu.fr/orchidee/browser/tags/ a milk production calculated from the ratio of net energy re-
ORCHIDEE_1_9 6/The N cycle is not included in this ver- quirements for lactation to the energy content of milk. In this

sion of ORCHIDEE. approach, neither the type of animal production (milk, beef)
nor net energy requirements for maintenance and produc-

2.2 PaSim (Pasture Simulation Model) tion affected intake. In addition, animals are removed from
the paddock when aboveground plant biomass (BM) is lower

2.2.1 General structure than a threshold set at 300 kg DMHa Since then, the an-

imal module of PaSim (version 5.0) has been improved to
PaSim is a plot-scale process-based grassland model devedimulate mechanistically the diet intake and performances
oped by Riedo et al. (1998), which simulates grassland profor different types of cattle (suckler cows with their calves,
cesses at a sub-daily time step. It considers a soil-vegetationdairy cows and heifers) in response to elevated tempera-
animal-atmosphere system (with state variables expressedres and management, as well as feedback to the atmosphere
per nf) and runs over one to several years. PaSim allowsthrough enteric Cilemissions (Graux et al., 2011).
simulating main grassland services such as forage and milk
production, as well as the C, N, water and energy fluxes in2.3 Coupling strategy
sown and permanent grasslands. PaSim was applied on a grid
to make simulations of grasslands GHG fluxes at the Euro-To incorporate into ORCHIDEE a description of manage-
pean scale by Vuichard et al. (2007b) and was used to run ament, our approach is to take the cutting, grazing and fer-
ensemble of climate change impacts simulations on grasstilization options, and the animal module of PaSim (version
land services and GHG budgets at French sites (Graux et al5.0, see above) and integrate them into ORCHIDEE. Each
2012, 2013). PaSim comprises six modules, simulating plantiay, ORCHIDEE provides AGB to the management mod-
growth, microclimate, soil biology, soil physics, animal pro- ule to be used for cutting or grazing (Fig. 1). Taking into
cesses, as well as management options. The two latter modiccount the types of herbivores (different types of cattle or
ules use a daily time step, just as STOMATE does in OR-sheep; Sect. 2.2), the management module simulates har-
CHIDEE. See Graux et al. (2012, 2013) for further details vested biomass, herbage intake and animal trampling dur-

about the modelling of grassland processes. ing grazing, and following C fluxes by animal respiration,
milk production, CH emissions, and excreta returns. Then
2.2.2 Management simulation it feeds back two variables into ORCHIDEE, the residual

AGB fraction, and the newly formed litter. The litter pool
In PaSim, management includes mineral and/or organic Nof ORCHIDEE is modified from the input of harvested grass
fertilization, and cutting and grazing, which can either be setresidues, manure additions, and from animal trampling ef-
by the user or optimized by the model (Riedo et al., 2000;fect and excreta returns. We will hereafter refer to the mod-
Vuichard et al., 2007a; Graux et al., 2011). At each cut-ified version of ORCHIDEE as ORCHIDEE-GM (grassland
ting operation, a fraction of the shoot biomass is harvestednanagement). Nine parameters are required for the simula-
and exported away from the grassland, and a fixed amountions: (i) the timing of cuts and the associated residual total
corresponding to the residual shoot dry matter (DM) (e.g.,shoot DM (and the residual LAI), (ii) the type of fertilizer, the
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Heat Flux, Albedo TGS ERE Rainfall, Temperature maXImumzseasonal LAI by IncreaSIng the I-FAL( parameter
[ di. —Z
Roughnaes. 003 P o | (rescribed or Smulated by a GCMy |02 concentration . to 7mPm=2in ORCHIDEE-GM.

” Natural grasses in ORCHIDEE seldom shed new leaves

A 4 during growing season unless “meteorological” leaf senes-

SECHIBA _ cence happens (Krinner et al., 2005). However, highly dense

Energy budget, hydrology & photosynshesis . ) . . .
At =30 min tillers in managed grassland can induce fading of their

shaded leaves at the base of the canopy. Thus we added to
ORCHIDEE an AGB turnover parameter that depends on

A
GPP, Temperture, Soil Water Y LAI, Roughness, Albedo

Vegetatiof:n‘(’j":oﬁ:mm e tiller density (LAI in the model). For the C pools affected by
> shading, the rate of loss of their biomaasB, is prescribed
Vegetation Carbon Soil Carbon
< through
A At = 1 day A
= AB = Bﬁ, (1)
Y t

’ Management options ‘ where B is the biomass and\ is the time step of 1 day.

et e t (days) is assumed to be a linear function of LAl when a
AGE e density of grasses (2.55m~2) is reached or surpassed:

Excretion

T = MaX(tmin, Tmax— LAl x 10) if LAl >25mm=2, (2)

1 .
GRASSLAND MANAGEMENT MODULE With Tmin = 45 days andmax= 85 days.

At = 1day

2.4.2 Reduction of leaf fraction in total AGB after
Fig. 1. Schematic of ORCHIDEE-GM. harvest (cut) and following translocation
from carbohydrate reserves

During cutting operations, the upper part of AGB is removed,
'mainly leaves, some stems and all ears. Within the remaining
part of AGB near land surface, after cutting, tissues used for
sustaining and transporting (stems) become the most signifi-
» o ) cant proportion of AGB. Thus in ORCHIDEE-GM, we sup-
2.4 Specific modifications in the ORCHIDEE-GM posed a leaf fraction of 10 % and a stem fraction of 90 % in

_ ) the remaining AGB after a cut event.
As ORCHIDEE is designed to represent the C cycle of un- - ppgiosynthesis decreases dramatically just after a cut since
managed grassland, we adapted the model to include (i) thg,y jeaves remain. A rapid restoration of active photosynthe-
possibility of reaching high LAl values such as observed ings i thus crucial for plant recovery after defoliation and car-
productive managed European grasslands; (ii) the leaf shegohygrate reserves play a critical role in sustaining regrowth

in highly dense .tlllers; (iii) a reductlon of the leaf fraction in during the first days after cut (Schnyder and de Visser, 1999).
total AGB, and iv) a translocation of carbon from a reserve 14 reproduce this recovery, we placed an additional translo-
pool after cut in order to shape new leaves. In addition, Wegation from the ORCHIDEE carbohydrate reserves pool to-
improved the representation of specific leaf area (SLA) for\yarq the leaf biomass pool after each cut, just as it is the case

stimulating regrowth after cutting or grazing. These struc-for ORCHIDEE at the leaf onset date, in order to rapidly re-
tural changes made to the ORCHIDEE-GM model code aresiqre 3 relatively dense leaf cover (Krinner et al., 2005).

described below.

timing of their application and the corresponding amounts
and (iii) the start and length of grazing periods and the graz
ing animals stocking rate:fnima)-

2.4.3 Age-related SLA
2.4.1 LAl limitation in managed grassland and the leaf
shed in highly dense tillers Usually, newly formed leaves have a higher specific leaf
area (SLA) value, which decreases with increasing leaf age
Formerly, a limitation of LAl (LAlnay, 2.5 m~2 for C3 (Haase et al., 1999; Poorter et al., 2009). Age-related SLA
grass) was prescribed in ORCHIDEE to avoid unrealisti-changes were neglected in the standard version of OR-
cally high LAl of unmanaged C3 grass. However, produc- CHIDEE, which has a PFT-specific, fixed SLA value. How-
tive grass species selected by agronomists, as well as feever, in managed grasslands, the age of leaves is modified
tilization, make higher LAI possible in grasslands. Accord- by cutting/grazing, and SLA variations with leaf age be-
ing to maximum LAI observed at 20 European grasslandcome important. Newly formed leaves with higher SLA help
sites (Gilmanov et al., 2007), we alleviated the limitation of the plant to increase rapidly its LAl with a relatively small
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amount of biomass. Therefore we let SLA depend on leaf
age class and on the fraction of leaf mass in that class. o
There are four leaf age classes in ORCHIDEE. At each
time step, GPP allocated to leaves is incorporated into leaf
biomass of age class 1, and a fraction of the leaf biomass
passes from age clasto age class+ 1. This process results
in an increasing age of the canopy during the growing period.
We calculated SLA as

4
SLA = sla x f;, 3)
i=1
where f; is the fraction of leaves in age classand sla ‘?»;( erHgfhl\s/
is the prescribed maximum SLA (Sl for age class ) AR Ba
i. The value of sla equals to SLAwax then to a fraction </ 7ESVDA 7 RN NN
of 0.90, 0.85 and 0.80 of SLfux for leaf age class 2, 3 AT L}\Af N\ ;\
and 4, respectively. In ORCHIDEE-GM, Slfx is set to g’ B-Mi2 / L ,
0.048nfg~1C, a value chosen to fit the mean SLA value 1% R
of C3 grass in the global TRY database (0.02Ggm' DM, ) S ' J—

equal to 0.0422 fg~1C with mean leaf carbon content per

dry matter of 47.61 %; Kattge et al., 2011). Fig. 2. Distribution of the 11 European grassland sites in this study.

3 Evaluation at European grassland sites
maintained at half the stocking rate of the intensive paddock

3.1 Site selection and description and is not fertilized.

Grillenburg (DE-Gri) is a permanent grass-clover mixture
To evaluate ORCHIDEE-GM, we ran ORCHIDEE and managed with 2—4 cuts per year and without fertilization.
ORCHIDEE-GM at 11 European grassland sites (Fig. 2) with Bugac (HU-Bug) is a semi-arid sandy grassland part of
contrasted management intensity, where good quality fluxhe Kiskunsag National Park that has been under extensive
data (NEE, measurements by eddy-covariance (EC) techmanagement (grazing) for the last 20 yr. However, the man-
nique) were collected, the data being gap-filled and parti-agement data are not known at this site in a protected area.
tioned to GPP and TER (total ecosystem respiration) us- Dripsey (IE-Dri) is a perennial ryegrass pasture grazed for
ing the CarboEurope-IP methodology (see CarboEurope-IRpproximately 8 to 10 months of the year, and fertilized with
project, e.g., Dolman et al., 2006; Reichstein et al., 2005;~200kgN halyr1.
Papale et al., 2006; Moffat et al., 2007; Béziat et al., 2009). Amplero (IT-Amp) is a Mediterranean grassland site, char-
The 11 sites have sufficiently detailed management recordacterized by summer drought, and is subjected to a once-a-
(management type, timing of cutting or grazing, and corre-year mowing at the peak of the growing season and some
spondingly harvest severity or stocking density). There aresubsequent cattle grazing periods.
three cut sites, six grazed sites and two mix-managed sites. Monte Bondone (IT-MBo) is an alpine meadow with pre-
The geographic information, management type, fertilizationcipitation peaking in summer. It is managed with one cut per
practice, year with management or C fluxes records, and/ear in mid-July.
mean meteorological variables are listed in Table 1. It should Mitra (PT-Mi2) is composed of C3 annuals, which die-
be noted that the enhanced version of the PaSim animal modbut by the end of spring, and of one invasive C4 grass. The
ule (version 5.0) was used in the simulations at FR-Lgl andclimate is Mediterranean, with a hot and dry summer, and
FR-Lg2, where animal type (heifers) and characteristics datanost of the precipitation occurs between October and April.
were available (Graux et al., 2011). At the other grazed sitesThe grassland is highly seasonal. Its growth begins after the
due to the lack of such detailed input data on animals, versiorautumn rains and lasts until May—June when normally soil
4.5 animal module was used instead. water content decreases strongly.

Laqueuille (FR-Lgl and FR-Lg2) has been a 6.7 ha per- Vall d’Alinya (ES-VDA) subalpine grassland is located in
manent grassland for at least 50yr, grazed by heifers fronthe Mediterranean mountain regions of Spain, characterized
May to October. The intensively grazed Laqueille site (FR- by a distinct summer drought. It is moderately cattle-grazed
Lgl, 2.8 ha) is prescribed with a mean stocking density ofduring the summer growing season (0.2-0.4 LSUha
~1LSUhalyr~t and is fertilized with ammonium nitrate Oensingen (CH-Oe1) grassland has been sown with grass-
in three splits. The extensively grazed site (FR-Lg2, 3.4 ha) isclover mixtures in 2001. It is cut four times a year and

www.geosci-model-dev.net/6/2165/2013/ Geosci. Model Dev., 6, 22881, 2013
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Table 1.Location, climate and management for the 11 managed grassland sites in Europe (from the FLUXNET pritpramvyw. fluxnet.
ornl.gov, Baldocchi et al., 2001).

Altitude  MAT MAP Fertilization  Year of Year of
Site Code Country Latitude  Longitude (m) °@ (mmyrl) Management (kgNyr)  simulation  fluxes
Laqueuille 1 FR-Lql  France 438 N 02°44E 1040 7.9 897 Grazing 172-213 2002-2009 2004-2009
Laqueuille 2 FR-Lg2 France 438N 02°44' E 1040 Grazing — 2002-2009 2004-2008
Grillenburg DE-Gri Germany 567N 13*30E 385 8 439 Cutting — 2004-2008 2004-2008
Bugac HU-Bug  Hungary MIUN 1936 E 111 106 477  Grazing — 2003-2008 2003-2008
Dripsey IE-Dri Ireland 5155 N 0845 W 186 9.6 1271 Grazing ~200 2003-2005 2004-2005
Amplero IT-Amp  ltaly 4P52N 13’38 E 900 10.2 755  Cutting/Grazing — 2003-2007 2003-2006
Monte Bondone IT-MBo Italy 4800N 11°02 E 1550 51 999 Cutting — 2003-2007 2003-2007
Mitra PT-Mi2 Portugal 3832 N 08°00W 190 15,6 550 Cutting/Grazing — 2005-2007 2005-2007
Vall d’Alinya ES-VDA Spain 4212N  01°26 W 1770 6.5 891 Grazing — 2004-2008 2004-2008
Oensingen CH-Oel  Switzerland AN 044 E 450 9.5 1206 Cutting ~200 2002-2009 2002-2008
Easter Bush UK-EBu  United Kingdom 852N 03°02 W 190 9 965 Grazing ~265 2004-2008 2004-2008

Notes: MAT, mean annual temperature; MAP, mean annual precipitation.

fertilizers are applied as solid ammonium nitrate or liquid management obtained with a model spin-up. To initialize
cattle manure+ 200 kg N halyr—1). ORCHIDEE and ORCHIDEE-GM, we first ran each model
Easter Bush (UK-EBu) grassland is intensively man-without management until all ecosystem C pools reached
aged with cutting for silage (2002—2003) and grazing by steady state (spin-up 1); site-specific meteorological data is
dairy cattle and sheep (2004-2008). It receives on averageepeatedly cycled to force each model (Table 1). In real-
265kgNhatlyr—! as N-P-K fertilizer. The climate at this ity, the equilibrium state of natural ecosystem C pools (after
site is oceanic with mild winters and cool and moist sum- spin-up 1) can be changed by management practices. How-

mers. ever, the management history is not clear at the site level.
Thus, we assume a general (idealized) management history
3.2 Meteorological data for each site, i.e., the same management practices as used

nowadays have been applied to the additional 40yr after
Meteorological data required as input by ORCHIDEE and spin-up 1 to obtain the ecosystem C pools under the grass-
ORCHIDEE-GM are half-hourly air temperature, precipi- Jand management. Thus, starting from the end of spin-up 1,
tation (each event), wind speed, atmospheric water vapoORCHIDEE-GM was run for another 40yr with the same
pressure, net radiation, long-wave incoming radiation, mearmneteorological data and management practices correspond-
near-surface atmospheric pressure and annuagl &M0-  ing to the (idealized) management history of each site (spin-
spheric concentration. All the meteorological variables wereyp 2). Finally, starting from the end of spin-up 2, simulations
measured on top of each flux tower on a half-hour timewere conducted for the target period of evaluation (Table 1).
step, meeting the requirement of the models, except far, CO
which is taken from atmospheric background measurements3.4 Methods for evaluating model performance
The forcing data were firstly cleaned and then gap-filled ac-
cording to the methods as follows (see Falge et al., 2001)To assess model-data agreement for biometric variables such
For small gaps (e.g., one or two hours), linear interpolationas LAl and AGB, we use the index of agreement (IOA,
was used' for b|gger gaps (e g., one or two days) data frorNVlIImOtt et al., 1985; Legates and MCCabe, 1999), given by
days with similar pattern were adopted; for gaps longer than
10 days (e.g., in winter at cold sites, the data were gap-filledpa = 1.0— Z(O P) /Z(|p 0]+]0;=0))?, (4)
with data from similar previous year; if necessary, precipita- i—1 i1
tions have been corrected in order to get the correct total an-
nual sum. The long-wave incoming radiation (few measure-WhereP; is modeled datap; is observed data) is observed
ments are available at the sites) and mean near surface atm@ean, and: is number of data. The index of agreement can
Spheric pressure (not measured at the Sites) were extracté&yercome the insensitivity of correlation-based measures to
from the 6-hourly CRU-NCEP 0%x 0.5° global database differences in the observed and modeled means and variances

(http://www.cru.uea.ac.uk/cru/data/ncgpthich are linear  (Willmott et al., 1985). It varies from 0.0 to 1.0, with higher

interpolated to half-hourly. values indicating better model-data agreement.
Ecosystem-atmosphere fluxes are shaped by a variety of
3.3 Models setup fluctuations on different scales of characteristic variability.

Scalar error estimates and residual analysis used to sum-
Site-level simulations were conducted with ORCHIDEE and marizing model-data disagreement provide only limited in-
with ORCHIDEE-GM separately. All simulations started sight into the quality of a model (Mahecha et al., 2010).
from an equilibrium state of C pools with climate and A more sophisticated way could be localizing model-data
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Table 2. Limits of the two frequency binning schemes.

Bins Upper Limitp[d]<... LowerLimitp[d]>... Denotation

A maximum 582.9 low-frequency variability

B 582.9 132.2 seasonal-to-annual variability
C 132.2 331 intermonthly variability

D 331 minimum daily-to-weekly variability

Notes: The discretization is approximately log-equidistant and provides the basis for all multiple timescafesx€®
analysis. The choice of the binning is a trade-off, taking into account the requirements for an ecological interpretation
and the limitations in the frequency definition of the reconstructed components (in the SSA framework).

mismatches in time (Gulden et al., 2008). Thus, to evaluatevhereP; is modeled datap; is observed dataP is modeled
time-frequency localized model performance on GdlDxes ~ mean,0 is observed mean, andis the number of data. The
(GPP, TER and NEE), we used a time domain decompositiomoot mean squared error (RMSE) is a measure of model ac-
method called SSA (singular-spectrum analysis; Broomheaduracy reporting the mean difference between the modeled
and King, 1986; Elsner and Tsonis, 1996; Golyandina et al. and observed fluxes, expressed as

2001; Ghil et al., 2002). Observed and modeled time series

can be described as sets of additively superimposed subsigE n ,

nals, which can be expressed as MSE= | > (Pi— 01)?/n, )
i=1

Y = ZX,-, i=1..N, (5)  whereP; is modeled data(; is observed data, andis the

number of data.
whereX; is the subsignal of corresponding temporal scales. Shorttime span of observed GBuxes reduced reliability
SSA is used to extract subsignaXs of a given time se- of interannual variability extracted by SSA. Thus, we con-
ries. The SSA method was shown to be suitable for ex-sider an ensemble approach to assess model performance for
ploring the time variability of eddy-covariance ecosystem—interannual variability of C@fluxes, which combines data of
atmosphere fluxes (Mahecha et al., 2007), and was used @l years at all sites and gives a total of 53 site-years for the
explore model-data misfit on multiple timescales (Mahechaanalysis. In order to quantify the interannual variability, we
et al., 2010). In this study, based on the signal decompohormalized observed—modeled gfllixes by subtracting the
sition and reconstruction from SSA technique (Golyandinalong-term calendar year observed-modeled mean annual flux
et al., 2001; for technical details see Mahecha et al., 2010for each site-year fluxes. First, biases in model estimates of
Appendix B), the original time series can be separated inteeach CQ flux are identified (observed—-modeled) for calen-
four timescale variabilities: daily-to-weekly, intermonthly, dar year average observed—modeled fluxes. Theafween
seasonal-to-annual, and low-frequency (Table 2). EC obserobserved and modeled interannual variability indicates the
vations were not fully available for all the years we simulated correlation, and RMSE is used to assess model—-data agree-
(Table 1). Thus, time series with continual full year gap-filled ment on long-term timescale.
EC observations are used to derive the subsignals (time span ) )
for each site are listed in Table 1). The subsignals extracted-> Carbon input/export and NBP calculation

by the SSA method provide information for a qualitative and When simulating C@exchanges in managed grasslands, one

uantitative model-data comparison on different timescale ) . NSO .
9 P %as to take into account animal respiration in the calculation

(Mahecha et al., 2010). ) i
Model-data agreement of GOfluxes for each SSA- of TE.R at grazed Slt(.BS. NEE in ORCHIDEE-GM at grazed
sges is calculated as:

extracted or combined subsignal is assessed with a Pearson
product-moment correlation coefficient) (and root mean  NEE = Rpei+ Rauto+ Ranimal— GPP (8)
squared error (RMSE). The Pearson’s product-moment cor-
relation coefficient) describes the proportion of the total whereRhet, Rauto and Ranimal @re heterotrophic, autotrophic
variance in the observed data that can be explained by thand animal respiration, respectively. Negative value of NEE
model, given by indicates a net C@sink.

Besides flowing between plant, soil and atmosphere, C is

n _ _ exported by grass harvesiyarves) and through animal prod-
Z (P = P)(0; = 0) ucts formed from grazingQdcH,, Cliveweight and Cmilk); C is
r= i=1 , (6) also added to the ecosystem by organic fertilizer application
\/ﬁ: (P — F)z\/i (0; — 0)2 (Ctert). For example, slurry or manure is applied at CH-Oe1,
= = IE-Dri and UK-EBu (at rates of 92, 204 and 79 gCfyr—1,

www.geosci-model-dev.net/6/2165/2013/ Geosci. Model Dev., 6, 22881, 2013
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net carbon balance (NBP) of a site can be estimated as

e

Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct
NBP = Ctert— Charvest— Cliveweight— Cmilk —CcH, —NEE 9) 2005 2006 2007
— ORCHIDEE — ORCHIDEE-GM — OBSERVATION

Positive value of NBP indicates a net C sink of the ecosys-
tem. Animal liveweight gain Civeweight during grazing
comprises only little part of C export (less than 10 %6afix;

see Byrne et al., 2007). In this stud¥eweight Was not de-
termined and will be neglected for the calculation of NBP.

Fig. 4. Comparison of simulated/observed biometric variables and
carbon fluxes for the cut grassland of Oensingen, CH-Oel. LAl,
leaf area index; AGB, aboveground biomass (dry matter); GPP,
gross primary production; TER, terrestrial ecosystem respiration;
NEE, net ecosystem exchange. GPP, TER and NEE are presented
as 15 day running means to smooth out very high frequencies.

4 Results

growing season in Fig. 3), but the effect on LAl remains
small (difference of 2.35 % for annual mean LAl).

With age-related SLA incorporated in ORCHIDEE-GM, an

abrupt rise of SLA at the leaf onset and its subsequent de4.2 Comparison between simulated and observed LA,
crease as canopy ages before the next cutting or grazing event  AGB and CO, fluxes

(Fig. 3). After a cutting event, C translocation from carbohy-

drate reserves stimulates the formation of new leaves, andt the intensively managed sites (cut: CH-Oel and grazed:
then the SLA begins to sharply rise again. For grazing, theFR-Lq1), LAI, AGB, and CQ fluxes (GPP, TER and NEE)
SLA does not fluctuate as much as for cutting (Fig. 3), whichare compared between the two models, ORCHIDEE and
reflects continuous biomass consumption and leaf regene©RCHIDEE-GM, and the observations (Figs. 4 and 5). In
ation. Finally, at the end of the growing season, SLA de-ORCHIDEE, as leaf onset is initialized, LAl steadily in-
creases because of leaf senescence, and a low value is maitreases to reach its predefined maximum value (2.8n¥),
tained until the next leaf onset in spring. The average grow-which is maintained until the senescence occurs. Compared
ing season SLA across the 11 sites in ORCHIDEE-GM isto ORCHIDEE-GM, the seasonal covariance between LAI
of 0.0424+ 0.0010 n? g~1C, which is close to the observed and AGB could only be found during the periods of plant
value of 0.0201 g~ DM (equal to 0.0422 rhg~1C, with  growth and senescence in ORCHIDEE (Figs. 4 and 5).
mean leaf carbon content per dry matter of 47.61 %) reported At cut site CH-Oel, the observed LAI, AGB and GPP have
by Kattge et al. (2011) in the TRY database for 594 speciesddropped abruptly immediately after cutting and restore to a
(5033 observations) around the world. The dynamic SLAhigh values within a short time period (e.g., half-month) af-
modeling accelerates grasses regrowth (higher LAI duringter cutting (Fig. 4). The same effect is also present in NEE.

4.1 Age-related SLA variation and its effect on LAI

Geosci. Model Dev., 6, 21652181, 2013 www.geosci-model-dev.net/6/2165/2013/
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Fig. 5. Comparison of simulated/observed biometric variables and

carbon fluxes for the grazed grassland of Laqueuille, FR-Lg1. Fig. 6. Model-data comparison on multiple timescales. Observed
and modeled time series are decomposed into subsignals corre-

These large saw-teeth like fluctuations between two cuts ar ponding to characteristic frequency bins. Qualitative or quantita-
ive model-data comparisons can be carried out on the correspond-

better reproduced by ORCHIDEE'GM than ORCHIDEE. ing pairs of subsignals. Figure 6 exemplifies the model-data com-
However, ORCHIDEE-GM simulates lower TER than the 4ison with two models simulations of GPP and corresponding ob-
observations (Fig. 4). servations at the CH-Oe1.

For the intensively grazed site FR-Lgl, ORCHIDEE-GM
shows a moderate ability to simulate the grazing-induced
AGB and LAl limitation (Fig. 5). For example, during the 4.3 General performance of ORCHIDEE-GM
grazing season (May-October) the low and variable AGB
and LAl values are partly captured. By contrast, ORCHIDEE 4.3.1 Biometric variables
without management is unable to reproduce AGB and LAI
because it lacks permanent grass consumption and regrowtiAs shown in Table 3, ORCHIDEE-GM has a greater IOA (in-
ORCHIDEE-GM can simulate the seasonal cycle of NEE dex of agreement) (AGB:.80+ 0.22 and LAI: Q86+ 0.11)
better than ORCHIDEE at the FR-Lg1 grazed site. As shownthan the original ORCHIDEE version (AGB:38+0.21 and
in Fig. 5, both observed and ORCHIDEE-GM modeled NEE LAI: 0.524+0.13) at the 3 cut sites (CH-Oel, DE-Gri and
switches from a strong sink of atmosphericJ@rgest neg-  IT-MBo). At the 3 grazed sites (FR-Lq1, FR-Lg2 and HU-
ative NEE) in early growing season (e.g., May—June in 2007)Bug), ORCHIDEE-GM has comparable 10As for LAl and
to near zero values during the peak growing — grazing seasorelatively higher I0As for AGB (Table 3) than ORCHIDEE.
(e.g., June-July in 2007), followed by the resumption of aThe higher I0As in both variables are also obtained at two
small CQ sink at the end of the growing season (e.g., July—mixed sites (IT-Amp and PT-Mi2) for ORCHIDEE-GM. In
August in 2007) because of grazing-stimulated grass uptakaddition, ORCHIDEE-GM has always much larger I0A val-
of CO,. ues at cut sites than at grazing and mixed sites.

4.3.2 CQO fluxes on multiple timescales

Figure 6 shows an example (CH-Oel) of model-data
GPP comparison on daily-to-weekly, intermonthly,

www.geosci-model-dev.net/6/2165/2013/ Geosci. Model Dev., 6, 2881, 2013
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Table 3.Index of agreement (I0A) for AGB and LAl between observation and simulation by ORCHIDEE, ORCHIDEE-GM at managed
grassland sites in Europd’.: number of observations.

AGB LAI
Management Site ORCHIDEE ORCHIDEE-GM N ORCHIDEE ORCHIDEE-GM N
Cutting CH-Oel 0.09 055 4 0.40 0.81 113
DE-Gri 0.45 0.89 21 0.66 0.79 23
IT-MBo 0.45 096 4 0.49 0.99 6
Grazing FR-Lgl 0.20 0.26 57 0.55 0.51 63
FR-Lg2 0.35 0.43 57 0.56 0.50 62
HU-Bug 0.37 0.45 25 0.10 0.10 3
Cutting/grazing  IT-Amp 0.35 0.68 40 0.59 0.66 36
PT-Mi2 0.69 0.78 17 0.66 0.71 23

seasonal-to-annual and interannual timescales. Here}.3.3 Estimation of C export and NBP

only intermonthly and seasonal-to-annual time scales are

discussed given the fact that grassland management préRCHIDEE-GM has the ability to simulate C exports (Ta-

cesses in ORCHIDEE-GM act on GPP on these timescaledile 4), e.g., forage production (yield), GHmissions and

We do not conduct the model evaluation on interannualanimal products (i.e., milk) that can be evaluated against

timescales because interannual variability could not beindependent data. At cut sites, ORCHIDEE-GM gener-

robustly extracted by SSA from the short time series.ates 718, 336 and 330 g DMThAyr—* for DE-Gri, IT-MBo

Figure 7 shows the model-data misfit (RMSE) of{fDxes ~ and PT-Mi2, respectively, which is within a range of 0.88

on seasonal-annual scales (bin B) and intermonthly scalegnd 2.26 factor of the observed values (317, 265 and

(bin C) for all sites. The same pattern is found-ifs used  374gDM m2yr~—1). For annual animal intake, inter-site dif-

instead of RMSE (data not shown). In general, the dataferences are large because of site-dependent grazing inten-

shown in Fig. 7 indicate that ORCHIDEE-GM has a lower sity. For example, the low intake values at both IT-Amp and

RMSE and a higher (not shown) than ORCHIDEE on both PT-Mi2 sites are mainly attributable to extensive grazing dur-

timescales. ing the winter. In addition, both animal respiration and en-
For seasonal-annual GPP variability, ORCHIDEE-GM teric CH; emissions produced by ORCHIDEE-GM generally

performs better than ORCHIDEE at all sites, excepted FR-show the same pattern as animal intake (Table 4), which are

Lg2 and HU-Bug. Improvement is also found at all sites as a function of animal intake and the time period the animals

for NEE. However, in contrary to GPP and NEE, improve- stay in the field.

ment brought by including management is not obvious for ~After accounting for C export (input) from (to) the

TER. For example, most of the sites have similar RMSEsite, ORCHIDEE-GM estimates a positive NBP of 87

values in both ORCHIDEE and ORCHIDEE-GM, a higher 30gCnt2yr~! (P<0.01) over the 11 sites, which is

RMSE at HU-Bug, and a lower RMSE at IE-Dri and UK- comparable to the previous estimate 534 gCnr2yr—1)

EBu found in ORCHIDEE-GM. On intermonthly scales, the by Schulze et al. (2009) and lower than that (%04

behavior of ORCHIDEE-GM in TER is not significantly dif- 34gCnr2yr-1) from the GREENGRASS network (Sous-

ferent from ORCHIDEE. At cut sites, ORCHIDEE-GM has sana et al., 2007). At both intensive and extensive grazed

amuch lower RMSE than ORCHIDEE on intermonthly vari- Sites, a positive NBP indicative of a net annual carbon sink

ability for GPP and NEE. However, this is not always found (18-95gCn2yr~1) is found in ORCHIDEE-GM. How-

at grazed and mix-managed sites (Fig. 7). ever, at sites dominated by cutting (including mixed site IT-
For annual CQ fluxes, when pooling all the site-years, Amp and PT-Mi2), NBP is modeled to be less than grazed

ORCHIDEE-GM performs better (lower bias, higheand  sites or even close zero.

lower RMSE) than ORCHIDEE for GPP and NEE (Fig. 8).

For example, the NEE bias and RMSE in ORCHIDEE-

GM is reduced by 53 % and 20 % respectively, compared td Discussion

ORCHIDEE. Yet, the simulation of TER is not improved

in ORCHIDEE-GM and its bias is even larger than OR- 5.1 Model performance for biometric variables

CHIDEE, which could be attributable to two “anomalous” . .
sites (ES-VDA and HU-Bug). The addition of an age-dependency of SLA allows intra-

annual SLA variation to be modeled in ORCHIDEE-GM,
contrary to ORCHIDEE. A rapid increase in SLA during
the growing season (Fig. 3) stems from the sprouting of

Geosci. Model Dev., 6, 21652181, 2013 www.geosci-model-dev.net/6/2165/2013/
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cuT GRAZED MIX  TOT management processes in order to calcula}te the ©0
== ORCHIDEE == ORCHIDEE-GM change on European grasslands, e.g., for being used as a bet-
_ ter prior of atmospheric C@inversions. In addition, an in-
Fig. 7. Be;rpllo(tj of Jheb root (Te"’g‘u squared error (R'\QSE) be- crease in the ability to reproduce NEE at timescales of weeks
tween modeled and observed g@uxes (GPP, TER and NEE) 4 year can be attributed to a better simulation of GPP rather
on seasonal-annual variability and intermonthly variability. Three . . . .

) . than TER that improves marginally. This might be due to
management types (cut, grazed and mix-managed) are distin- deling i f soil . initial di ilib
guished. TOT: the mean RMSE and its standard deviation based; € mode '”9 'S_SlJe of soil organic matter 'n't'a_ 'Seq_u” B
on all the sites. rium (Carvailhais et al., 2008). Improved GPP simulation by

ORCHIDEE-GM comes from more accurate prediction of
plant growth under management. However, the main com-

new leaves (age class 1 with higher SLA) after cut or dur-Ponent of TER is soil respiration. Itis highly sensitive to soil
ing the grazing, which helps the plants to capture photosynorganic matter amount, which is initializ&_ad by the same sc_JiI
thetic sources and increase the LAI with a relatively smallC module in ORCHIDEE rather than by field observations in
amount of biomass. ORCHIDEE-GM can better reproducethis study.

intra-annual variation in biometric variables (LAl and AGB) _ Although ORCHIDEE-GM performs  better on both
than ORCHIDEE. This improvement is more noticeable attimescales, systematically better at cut sites than at grazed
cut sites than at grazed sites. It could be related to the diffiSiteS, the improvement at grazed sites are more noticeable
culty for ORCHIDEE-GM in accounting for continuous dis- N the seasonal-annual than on the intermonthly timescales.

turbance and its induced complex animal-vegetation interacy his illustrates the fact that cut and grazing practices have

tions (Vuichard et al., 20074a). different influences in the temporal variation of NEE, and
that grazing has more impact on seasonal-annual than on in-
5.2 Model performance for CO; fluxes termonthly timescales. The large amplitude on intermonthly

timescale (Fig. 6) indicates that the intense sporadic distur-

ORCHIDEE-GM reproduces intra-annual fluctuations of bance, e.g., cut, could also significantly influence@axes.
CO, fluxes significantly affected by grassland management,
either cut (Fig. 4) or grazed (Fig. 5). A better model

www.geosci-model-dev.net/6/2165/2013/ Geosci. Model Dev., 6, 2881, 2013
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5.3 Sources of model-data discrepancies Our results indicate that wrong-setting values of site-specific
parameters (e.g., Slffaxand VGnax) could be one of sources
5.3.1 Initial soil organic matter for model-data disagreement. Interestingly to note is that

these two parameters are tightly correlated with leaf N con-
All simulations in this study start from modeled steady state,centrations that are linked to N fertilizer inputs on the fields
then an arbitrate management history (e.g., 40 yr), rather thafOrdofiez et al., 2009).This implies that Sk and VGnax
based on real soil C conditions, since the latter would requirecould be potentially prescribed to vary spatially as a func-
more detailed data on initial C pools of different turnover tion of easily available N fertilizer statistical data in future
rates or on site history for the model to simulate the initial regional simulations.
value of each carbon pool, compared to what is available.
This initialization procedure may cause certain model-dates.3.3 Observation uncertainties
discrepancies.

At CH-Oel, for example, lower TER is simulated in For CQ fluxes, NEE is directly measured by eddy-
ORCHIDEE-GM than the observations, which probably re- covariance technique, but with certain site-dependent ran-
sults from the simulated low soil organic C and low litter dom errors from the measurements instruments, the stochas-
input. Before the year 2002, this site was exposed to a ley-tic nature of turbulence and varying footprint (area that
arable rotation management with a nitrogen fertilization of influences the measurement) (e.g., Hollinger et al., 2004;
110kgN halyr—1. ORCHIDEE-GM simulates a lower soil Richardson and Hollinger, 2005; Richardson et al., 2006;
organic C (12.3kgC m? after 40yr of spin-up 2) than ob- Lasslop et al., 2008). Moreover, the two components GPP
served (18.3kgC m? in 2004, Ammann et al., 2009). More- and TER are partitioned from NEE by statistical modeling
over, a larger C export (426 gCthyr—1) than the observa- (e.g., Reichstein et al., 2005), which contains certain uncer-
tion (~ 350 gC nr2yr~1) is also found in ORCHIDEE-GM, tainties (Papale et al., 2006). In addition, certain data gaps
and then less biomass has thus been left as the litter input. due to unfavorable meteorological conditions and system-

atic errors in the NEE measurements (e.g., low turbulence
5.3.2 Site specific parameters occurs in nighttime) can also introduce uncertainties to be
+25gC nr2yr~1 (Moffat et al., 2007). All of these can con-
As in other DGVMs, ORCHIDEE simulates an average planttribute to the observed model-data discrepancies.
and consequently it only defines average plant functional
traits for each PFT, such as mean SLA, the maximal rate5.4 A complete view of NBP
of carboxylation (Vgax and the light saturate rate of elec-
tron transport {max). However, these traits are highly site- In managed grasslands, the assimilated C by photosynthesis
specific. Plants allocate N to maintain a balance betweers not only used for ecosystem metabolism but exported by
VCmax and Jmax (usually with a close correlation ofyax ~ harvest, animal respiration and animal products. After the in-
2 x Vcmax , Wullschleger, 1993), which are both dependenttroduction of management, ORCHIDEE-GM is able to sim-
on leaf N concentrations and potentially limit photosynthe- ulate forage yield, herbage consumption, animal products
sis (Chen et al., 1993). Nutrient (most notably N) limitation (e.g., milk), animal respiration and animal gldmissions.
also strongly impacts the whole-plant leaf area (Poorter efThese new variables combined with organic C fertilizer ap-
al., 2009). Then, the soil N availability could be a strong lim- plied on the field could provide a more complete view of
itation of plant growth. ORCHIDEE cannot fully consider grasslands C fluxes for applications of the model on a grid.
the coordination of leaf nitrogen distribution due to the lack The added organic fertilizer is also considered given the fact
of nitrogen cycle, thus preventing simulations of these site-that it could play an important role in some intensively man-
specific parameters. aged sites on sustaining soil fertility (e.g., CH-Oel, IE-Dri,

This model deficiency in capturing site-specific param- and UK-EBu). The 11 site simulations of this study show that
eters might introduce the errors in carbon simulations. ItEuropean grasslands generally are C sink (positive NBP). At
can be exemplified by calibrating Slkfx and VGnax of grazed grasslands, both C export in the form of milk produc-
ORCHIDEE-GM based on in situ measurements (mean SLAtion and CH, emissions by animals constitute only a minor
and VGnay) available at two sites: (i) the intensively grazed part of net primary production (NPP), and this means that
and highly fertilized grassland FR-Lq1, and (ii) the exten- NBP mainly depends on NPP. On the contrary, the cut sites
sively grazed grassland FR-Lg2. Our analysis shows that thaccumulate less C in soils because a large part of NPP has
model errors in GPP, as well as in TER and NEE, are re-been exported as forage production. Given a lower C usage at
duced when site-specific parameter values are used. At FRgrazed grasslands than that at cut grasslands, the NBP differ-
Lgl, the RMSE reductions are 8.5%, 8.9% and 2.5% forence between them indicates a possible relationship between
GPP, TER and NEE, respectively. At FR-Lg2, optimized pa-the C usage and NBP found by Soussana et al. (2007). This
rameters improve model performance on GPP, TER and NEEame relationship is also found within cut grasslands and
(with RMSE reducing 6.0 %, 3.4 % and 3.5 %, respectively). grasslands having both grazing and cutting (Table 4). The
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Table 4. Model output related to management from ORCHIDEE-GM. Yield, mean annual forage production (dry matt@ryrg);
intake, mean annual grass mass digested by animals (dry matte? yt); respiration, mean annual animal respiration (C, tfyr—1);
MilkC, mean annual C export in milk production (C, gffﬁyrfl); CHg4, mean annual enteric GHemission (C-CH, g mfzyrfl); NBP,
net biome production (C, gt yr—1).

Management Site Yield Intake Respiration MikC @H NBP
Cutting CH-Oel 975 - - - - 3
DE-Gri 760 - - - - 100
IT-MBo 288 - - - - 210
Grazing ES-VDA - 58 11.0 4.0 0.8 60.1
FR-Lgl - 374 71.3 - 39 416
FR-Lg2 - 250 47.6 - 0.7 57.7
HU-Bug - 176 335 15.0 23 379
IE-Dri - 272 51.8 20.7 35 68.1
UK-EBu - 231 44.1 14.3 39 945
Cutting/grazing  IT-Amp 301 65 125 3.4 1.8 35
PT-Mi2 110 43 8.2 2.6 0.8 11

results from paired sites (FR-Lgl and FR-Lg2, see Table 4)Jand NEE) induced by cut or grazing practices. Model-data
further confirm that increased C usage (higher herbage indiscrepancies can be attributed to lack of data to initialize
take at extensively grazed grassland, FR-Lgl) may diministsoil C pools, to CQ fluxes observation uncertainties and to
C sequestration (lower NBP) in managed grasslands, givesome site-specific parameter values. The optimization of N
the fact that intensive grazing reduces LAI and further de-related parameters (SLA, ¥gx andJmax in ORCHIDEE-
cline NPP (Parsons et al., 1983). GM reduces the model-data misfit at sites where it was per-
Fully accounting for NBP still takes into account dissolved formed. However, we should state that this study is not de-
organic/inorganic (DOC/DIC) C losses to water, which, how- signed for fully bridging the gap in C fluxes simulations but
ever, is not implemented in ORCHIDEE-GM. If the av- more for understanding the contributing effect of improved
erage DOC/DIC loss estimated at European scalet(11 management practices to C fluxes simulations in temperate
8gCnr2yr—1: Siemens, 2003) reduced the NBP by 30 %, grassland.
the residual NBP (positiveP < 0.05) still indicates a C se- The simulated C fluxes of forage yield, herbage consump-
questration in European managed grasslands. tion, animal products (milk), animal respiration and methane
However, it should be noted that our estimation of NBP emissions by ORCHIDEE-GM give a more complete pic-
is biased by the fact that the model initialization of soil C ture of NBP in managed temperate grasslands. This model
pools is not realistic. Only long-term simulation with pre- with its realistic management process could enable us to re-
cise management history or initialization based on preciseexamine the C balance in the regions, such as Europe and
soil organic C (e.g., the European Soil Database; Panagos €hina, which distribute a large area of managed temperate
al., 2012) can avoid this uncertainty when running the modelgrasslands. Furthermore, it could also be adopted to under-
on a grid for future applications. Nevertheless, a more com-stand the responses of forage yield or other GHGs to the on-
plete picture of NBP provided by ORCHIDEE-GM enables going climate change and investigate the feedback between
us to separate the role of grassland management from thosirface albedo and air temperature induced by management
of other factors (e.g., C£ climate and land use) in the at- practices (cut and grazing).
tribution of the grassland C sequestration (Soussana et al.,
2010).
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