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Abstract
A mechanistic model for productive grassland was used to simulute the annual production of

above- and hclowground plant biomass in relation to f1uxes of C, N, and water, Hnd to test the sellsitiv
ity of yield, shoot/root ratio, evapotmnspirution, und water use efficiency (WlJEj to cli mate change
scenurios (Ce) and to elevatcd CO2 (2 x CO2) with 01' withoul consideration of photosynthetic accli
mation of the phmts. Validation with data from two Swiss sites revealed satisfactory agreement
between simulation und measurement for yield, energy /luxes, [mel N-dynamics. Local weather sce
narios were derived from the results of two General Circulation Models (GeM) Ibr 2 x CO2 by n sta
tistical down-sealing procedure. Biomass production changed by a maximum of WJfJ in response lo CC
without 2 x CO2 effect!', by I-17cYlJ in response to 2 x CO2 alone, and by 6-20% in rcsponse to the
combination of CC and 2 x CO2, With plant acclimation, biomass production increased only up to 8c}fJ

with elevated CO2, as compared to a maximum increase of 20% in the absence of plant acclimation.
Reduced yield with CC was obtained for sites with low soil water holding capacity. Decreased evapo·
transpiration and increased WUE with 2 x CO2 were partially offset by ce. Thc simulations indicated
that productivity of managcd grassland is sensitive to different assumptions abollt changes in climate,
CO2 concentration, and photosynthetic acclimation, and that the effects of elevated CO2 arc modified
by CC and depend on local soil conditions.

Keywords: Climate change, elevated CO2, evapotranspiration, grassland, productivity, ecosystem
model.

Resume
Nous aVons utilise un modele mecaniste pour les prairies productives ann de simuler la produc

tion annueUe de biornassc vegetale epigee et hypogee en relation avec les flux de C, de N et hydriqucs
etafin detester la sensibilit6 du rendement, duratio bimnasse aerienne et souterraine, de l'evapolmns w

piration et de I' efficience ct' utilisation de I'eau (WUE) ades scenurii de changement climatique (CC)
ct a tlne elevation tlu CO., (2 x CO,,), avec ou StUlS consideration d' une acclimatation photosynthetiquc
des plantes. La validlltio~ avec de; donnees provenant de deux sites suisses a fait apparaitre une con·
cordance satisfaisante entre la simulation et les mesures en ce qui concerne Ie rendement, les flux
d'energie et 141 dynamique de l'azote. Des scenarii meteol'Ologiqucslocaux. ont ele derives des resultats
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de deux Modeles de Circulation OtSnerale (GCM) pour Ull doublc:mcllt elu COl gl'[II.:e 11 une procedure
stntistiCJlIc de redllction d'echellc. La production de hiomasse change de WIi, au muximum cn I'CPOllSC

au changemcnt t:limatil(uc snns elTets de doublcment du CO.!' de I u 17 (Ii, en 1'6pOmiC au dOllhlelmmt
elu CO;! sell\' et de 6 a20 % en rcponsc h In combinuison till chungemcllt elinlHtiqllc et tlu dOllhlcment
ell! CO2, Avec l'acdimatation des pluntes, la production de biomassc ne S'UCCI'Olt que de 8 (Ii, avec nne
elevation dl! CO2 - acomparer avec lin uccroisscmcnt maximal de 20 (I() ell l'abscilce c!'ncdimatation
des plantes. Now; avons trouve un rendcmcnt reduit avec Ie changcmcl1t elimaLiquc sur k's sites h fai
hie capacite de retentioll d'cau du sol. Ulle baissc de I'evapotranspiration t:l unt: augmt:ntation de III
WUE avcc lin doublement elu CO2 sont partiellcment compensees par Ie Cc. Les sillllliatinns indi
quenl que Ja prodllctivitc des prairies exploitces est scnsiblc (I diffdrentcs suppositions conCCl'llnnt Jes
changements cl il11utiqucs, la concentration en CO~ ct l' acdi mutation photosyn thetiquc ct que lcs
effcts d'une elevation du CO2 sont modifies par Ie cliangcmcnt c1illlatiquc ct depcndcnt de:; conditions
loeales des sols.

INTRODUCTION

Grasslands are important ecosystems in many parts of the world, and their
response to changes in atmospheric CO? and climatic conditions may affect global
carbon and energy budgets (PARTON et aL, 1995). At much smaller scales, grasslands
are important for agronomic reasons, or because of their role in landscape ecology,
but potential effects of increasing CO2 and climate change at the local scale have
received less attention as compared to potential changes at the global scale. Detailed
models working at the local scale and incorporating processes in a mechanistic
manner could help to investigate the sensitivity to future conditions of specific types
of grasslands in a particular region, to produce the input clata necessary for soeto-eco
nomic impact modelling, or to estimate the parameters of aggregated models. The aim
of the present study was to develop, test and use a detailed ecosystem model to inves~
tigate the sensitivity of productive pastures in Switzerland to future climatic cOl1cli
tions and elevated CO2,

DESCRIPTION OF MODEI..J AND SIMULATIONS

The model is composed of sub-models for vegetation, microclimatc, soil physics, nIH.! soil
biology. It integrates the simultaneous dynamics of carbon (C), nitrogen (N) unci water. The timc step
of the model is one bour, and the time scale covers one growing season. The vegetation sub-model is
partly based on the Hurley pasture model developed by THORNLEY & YERBERNE (1989). Total plant dry
matter is divided into structural dry matter, plant C substrate, and plant N substrate. Unlike the version
of the Hurley Pasture model described by THORNLEY & YERI3ERNE (1989), the vetegation sub-model
accollnts also for the reproductive growth stage in addition to the vegetative 1;rowth stage, it allows for
the dynamic change in the fractional N content of plant structural dry matter, and it simulates stomatal
conductance. The developmental stage is associated with the slim of daily mean temperatures above a
base temperature.

The reproductive stage has a higher light saturated leaf photosynthesis rate and an increased
shootlroot allocation as compared to the vegetative stage. Fractional N content of plant structural dry
matter changes dynamically through the linear dependency of the N concentration of newly produced
structural dry matter on plant N substrate. Stomatal conductance is represented by a modilied version
of the Ball equation (BALL et al., 1987), and is proportional to photosynthesis and relative air humidity,
and inversely proportional to atmospheric CO2 concentration. Leaf photosynthesis is modeled using a
non-rectangular hyperbola to describe the light-dependent photosynthetic rate (THORNLEY & VERBERNE,
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1989). The light-saturated rate is modi ned by scalars that m.:COllllt for the clTccts of ('()2' plant HlXIima
tion, temperature, total plant N concentration, developmental stage. and water. The photosynthetic
quantum cnicicncy depends on a scalar that accollnts for the efrects of CO2, Both CO2 scalars depend
on temperature (FAIH)tJIIAR & VON Ci\EMMERER, 1l)~2). The plant ucdi mation scalar accounts for a pos
sible reductioll of the maximum rate or leuf carboxylation (i.e. V rlllilX in the mndcl of FARQUllAR & VON
CAEt\lMERER (1982)) due to acclimatioll of lear photosynthesis to devaled CO2, Acclimation by nxluc
tions in Jmilx were not considered in the model simulations dcscrilll~d here, because measurements ill the
Swiss I:v\CE cxperiment at Eschikon, ZUrich, did not show signilkant dmnges in this parameter
(S. LONG, pel's. COfl1l/1.). Both lear photosynthesis and stomatal conductance depend on soil water
potential through a threshold function. The micro-climate SUIHllOdd is llsed to calculate the canopy
i\llcrception or short-wave radiation, and to (,:akulate canopy and soil cnergy halalll.:C. To obtain the
radiation prolilc, the canopy is divided into II layers. A generalisation of the canopy rndi'ltion model or
NOI{MAN (1(79) is used to incorporate the ellipsoidal modI:! for the lear angle distribution of CAMPBELl.

(\986). The soil biology 1'lub-mmlel is used to calculate the cOl1l.:cnlralions of NO.1 and NH.1+ in the
soil. The strlll:ture rollows the "soil and dc<.:omposition" and "nitrogen" SulHllodels of the CENTURY
model (PARTON ('I al., IlHn), hut soil surfa<.:c and soil plant residue arc not separated. and no prol1le of
C and N pools is calculated. Prior to the application of the model for a spedlk site, the soil biology
sub-model was brought to ncar steady slate ror the l.:urrent dimatc condition at this sitt: by iteratively
determining the initial conditions for the state variables. This procl~dlll'e wus necessary (() adapt the
sub-model for use over only one growing season. The soil physics suh-model calcul ..t!cf: wnter content
and temperature in dilTercnt soil layers.

Most of the model pnrameters were derived from the Iiterulure, Hlld somc from lield I11caSLU'C
I11cnts carried mIL in pastures at two sites ncar Bern, Switzerland, loentcd at 54H m (Ostcnnundigen)
<tnu9lS 111 above sea level (Obcrbiitschcll. A full description of panllllcters ami parameter values is
given elsewhere (RIEDU, 19(7). Calibration was pcrlhrmcd hy eomparison of simulation results with
data I'rom l'ield measurements for the cal' fraction of shool mass. Ilet radiation above the eallopy. ammo
Ilillm and nitrate cOl1l.:entration in the soil solution. and denitrilkation. Hourly input data for radiation.
temperature, vapour pressure, wind speed, and prcdpitatioll nrc used as the driving weather variuhles.
Management options include mineral rertilisation and cutting. Atmospheric CO2 (C li • ppm) is useu as a
constant C\50 ppm). Site specilk model paramcters include the fractional clover content, Ihe depth of
the main rooting zone, and several soil physical parameters for difTerent soil layers, including c.;lay and
quartz fractions, saturated hydraulic condm:tivity. bulk density, ett:. (RlI\l)u. 1(97). These Jllodo! input
data and the initial conditions for the stute variables tll t:arry oul simulations I'm validation and sensi
tivity analysis were derived from data colk:cted at the two licld sites. N fertilizatioll applied was 25 kg
N ha I at the beginning or ca<.:h season, Hnd additional 20 kg N hal after each growth period, The ('~L1t

ling regime was either given by a fixed (constant) interval or six weeks at Osterl11undigcn and nine
weeks at Oberblitschcl, or by intervals of variahle mexible) length, as determined by the local fanner.
Both cutting regimes resulted in the same number or growth inwrvllis during the whole season (Jive. or
six at Osterlllllndigell. four at Obcrbiitschel). The fractional c!nver content of tbe pastures WLIS between
7 and 189fJ. The main grass spedes at Ostcrlllundigen, with a loamy sand soil, were Dactyli... Klo
memta, Lolium perel/ne, [loa pmlensis, and Pl1IeulIl pmlellse, and at Oberbiltschcl, with a humus-rich
loamy and soil, Alopecurus !JI'llteIlS;,\', ArrhenalhNlllll e!llfius, Daclyli,.. glollleralcl, and FesfucCI pra
1('llsi.... At both sites, 1i'(jtJiilllll repens and 71'(ft)!ium 1"'U!mse were the dominating dover spedes.

The model sensitivity to climate change scenarios and to elevated CO:: was tested with the nvc
hotirly driving weather variables ohtained from meteorological stations (i.e. present climate), or by a
statistical down-scaling procedure using results from GeM simulations of the monthly large-scale tem
perature and pressure distribution over the N-AtIantic and Europe (GYAl.l!'iTRAS e1 al., 19(7) (i.e. c1i
mute change). Model simulations for current conditions were carried out using site parameters and 14-
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year weatber data (1981-94) for different locations on the Swiss Plateau (reference si mulation). For the
simulation of climate change elTects (CC), results from the two GCMs ECHAM (ClJBASCH £It al., t992)
and CCC (McFARLANE et al., 1992; BOER et al., 1992) for 2 x CO2 scenarios were used to derive the
change in the hourly weather data. The mean changes over the period March to October were -l.Mf!
(ECHAM) and +5.5% (CCC) for the monthly precipitation sum, +3.1 % (ECHAM) and +4.Xl,rt; (CCe)

for daily mean global radiation, + 1.6°C (ECHAM) and +2.7°C (CCC) for daily mean temperature,
+ 10.4% (ECHAM) und + 18.6% (CCC) for daily mean vapour pressure. Changes in mini ma, maxima,
and standard deviations were also used, but are not shown here. Effects of elevated CO2 (C02) were
obtained by using 660 ppm (in combination with CCC) or 720 ppm (in combination with ECHAM)
instead of 350 ppm (reference simulation), and by assuming either no or maximum photosynthetic
acclimation. Maximum acclimation was simulated by a 30% decrease in light saturated leaf photosyn
thesis under elevated CO2 compared to current CO2, as was approximately found in the Swiss r·ACE
experiment at Eschikon, ZUrich (S. LONG, pel's. comm.). The combined effects of both CC and CO2

(CC + CO2) were determined using all combinations of weather scenarios and assumptions abollt CO2

acclimation. Median and percentiles were calculated for each group using the 14-year uvcmgc for each
site and scenario. Because of the time scale of one growing season for model simulations, no transition
from current climate to the changed climate under elevated CO2 was simulated, ancI hence the simulH
tion results for the soil biology purt of the model may not rencct future conditions under climate
change. The associated uncertainty abollt Nand C cycling in the soil was probably musked by the Jurge
N fertilizer input used in the simulations.

MODEL VALIDATION

Weekly data for harvestable plant biomass and leaf area index from plots with
flexible or fixed growth periods, continuous records of microclimatic variables,
energy fluxes, and soil water content and temperature, periodic measurements of root
biomass, and C- and N-contents of plant dry matter were used to validate the model.
These data were obtained from field measurements carried out at the same two sites
at which the data fot the model parametrization were also collected. In general, the
agreement between measured and simulated annual dry matter yield was satisfactory
(table I); largest deviations (> 10%) were caused by single growth periods during
which extreme weather conditions occurred, such as strong drought or very cold

TABLE I. - Two-year comparison between measured and simulated annual ell:v matter yieldfor two Swiss site.I'
at different altitudes. Yield was measured in plots with a fixed or flexible length of individual growth
periods (OP).

Measured Simulated' .. ' Difference Measured Simulated Difference

(%)

1993 1994

(%)

Ostermuncligen, 548 m a.s.L

Fixed· GP 1.39

Flexible GP 1.36

OberbiHschel, 918 m a.s.I.

Fixed GP 0.98

Flexible GP 1.15

1.42

1.32

1.12

1.13

2.6

-3.1

14.9

-1.7

1.30

1.39

1.08

1.09'

1.47

1.58

1.17

1.31

13.0

13.8

8.3
20.4
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temperatures with snowfall. Correlation between measured and simulated datu for
latent heat flux yielded values for R2 between 0.789 and 0.896. L,ower R2 was
obtained for sensible heat flux and soil heal flux (not shown). The relative differem:e
in N-yield ranged between -17 ..V*J and 5.7°!o. Overall, the validation procedure sug
gested that the model could acceptably reproduce plant growth, energy fluxes, and N
dynamics.

SI~NSITIVITY ANALYSIS

The sensitivity of the model to parameters und initial conditions was tested by (i)
analysing the extent of change in annual yield caused by a ± 25(Ji) change in the
parameter value (parameter sensitivity), and (ii) by determining the contribution of the
uncertainty associated with the parameter value of the 20 most sensitive pararneters
to the uncertainty of the simulation results (parameter importance) using random
Monte Carlo sampling of parameters and rank transformation (HAMBY. 19(4), The
most important parmnetcrs were (the values used in the simulations are given in paren
thesis) (n) reference value for dependency of the N concentration of newly produced
structural dry matter 0/1 plant N substrate (0.022 kg N kg~'l for a vallie of 0.004 kg N
kg-I for plant N substrate), (b) light-saturated rate of phytosynthcsis (22.6 and 15.0
1111101 m-- s-1 for reproductive and vegetative gruss, respectively), and (c) rate of plant
ageing (0.05 and 0.03 (t- I for shoots and roots, respectively).

RESULTS AND DISCUSSION

Biomass production increased in response to lllost scenarios, with the largest
increase in response to the combination of CC and CO2 (CC + CO2) (fig. I). The
median increase of about 10% in response to elevated CO2 is comparable to the rela
tively modest increase in herbage accumulation measured in pasture turves
(NEWTON et al., 1994), and to the weak response of Lolium perell1ze grown in mixture
with Tr~loliUln repens in the Swiss FACE experiment (HrmmsEN et al., 19(6).
Decreased yield with only CC was obtained for soils with low water holding capacity,
resulting from the occurrence of soil water limitation. Relative allocation of dry matter
to shoots (SIR) increased with CC and decreased with CO" whereas both magnitude
and direction of the change in response to CC + CO2 were uncertain. The relatively
stronger simulation of root biomass as compared to shoot biomass with elevated CO2
agreed with results from experiments with pasture turves (NEWTON et al., ] 994) and
Loliwn perenn.e (SC~HENK et al.. 1(95), but the extent of the change obtained in the
simulations tended to be smaller. With CC, mainly characterised by an increase in
temperature, vapour pressure and wind speed, evapotranspiratioll (ET) increased sub
stantially. In contrast,with elevated· CO2 water was conserved due to decreased sto
matal conductance. The extent of the CO..,-induced decrease in ET of 10-2OC:iJ was
similar to the change in cumulative ET measured at elevated CO2 over 24 h C}""·I from
a prairie ecosystem (HAM et aI., 1995) and frorn fertilized plots of alpine grass1tU1d
during daytime (Dn~MER, 1994). The increase in WUE resulting from reduced ET and
increased yield with elevated CO2 of20-30% corresponded to the change observed in
the prairie ecosystem (HAM et al., 1995), whereas changes in instantaneous WUE
observed in experiments may be much larger (eL EAMUS, 199~1). WUE obtained in the
simulations may be less sensitive to elevated CO2 than WUE determined over shorter
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FIG. I. - Changes in harvestuble dry matter yield, DM (a), shoot: root rutin, SIR (/J), evupotnlllspimtion,
ET (c), und water use efflcicncy, WUE Cd) of productive grassland at different Swiss sites relative to
198 J -1994 in response to different climate change scenarios (CC), c1cvuted CO2 with 01' withollt plant
acclimation (C02), or combinations of CC and CO2 (CC + CO2), The median is shown inside the box
indicating the 25th and 75th percentiles, capped bars indicate the JOth <lnd the 90th percentiles.

experimental periods because it is based on accumulated biomass production and ET
per unit ground moea over the whole season, and it is influenced by soil evaporation
during periods with little standing biomass present. The increase in WUE with
elevated CO2 was partially offset by CC because of the proportionally stronger
increase in ET as compared to biomass production.

Biomass production was found to be strongly influenced by the assumption about
photosynthetic acclimation. With elevated CO,., and with or without CC an increase
between 1 ancI 80/0 was obtained with acclimation, as compared to changes between
13 and 20% in the absence of acclimation. In contrast, ET was less sensitive to accli
mation; changes of ~17% to 14% in response to elevated CO2 with acclimation and
with or without CC were similar to those obtained without acclimation (-14 and 17%).

In conclusion, these preliminary results suggest that productive managed grass
land with site conditions representative of the Swiss Central Plateau is sensitive to
different assumptions about climate change, elevated CO2, and photosynthetic accli
mation. The simulations reveal improved resource efficiencies and enhanced grass
land productivity in response to elevated CO, or to the combination of elevated CO2
and climate change, except for sites with unf;lvourable soil water conditions.
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