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ABSTRACT: Mechanisms controlling transient responses to elevated CO2 concentration and climate
change in an unfertilized grassland on the Swiss Plateau were examined in light of simulations with
PROGRASS, a process-based model of grass–clover interactions. Daily weather for a series of transient climate scenarios spanning the 21st century were developed for the study site with the help of
the LARS-WG weather generator. Changes in the length of dry and wet spells, temperature, precipitation and solar radiation deﬁning the scenarios were obtained from regional climate simulations
carried out in the framework of the PRUDENCE project. Compared to 1961–1990, the latter indicated
that for 2071–2100 there would be a noticeable increase in temperature (roughly 3°C in winter and
5°C in summer), a signiﬁcant drop in summer precipitation (of the order of –30%) and a nearly 2-fold
increase in the length of dry spells. Assuming that clover is less drought-tolerant than grass, we
examined whether clover abundance would decrease as a consequence of increasing heat and water
stress, or be promoted on account of CO2 stimulation. Results indicated that: (1) at our site, climate
change alone did not curtail biological N2 ﬁxation to the point as to alter the composition of the sward
but nevertheless entailed a decrease in grassland productivity; (2) increasing CO2 clearly promoted
clover growth (via feedbacks on nitrogen acquisition) and grassland productivity; and (3) even with
CO2 stimulation, the additional N input from symbiotic N2 ﬁxation was not sufﬁcient to substantially
improve the mineral N status of the system and promote grass competitiveness.
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1. INTRODUCTION
Management of grasslands for herbage yield represents an essential aspect of farm economies in Europe
and elsewhere (Whitehead 1995). Grasslands are also
major reservoirs of soil organic matter (SOM) (Schimel
1995) and thus play an important role in the terrestrial
carbon (C) cycle. Assessing possible responses of grasslands to climate change is therefore an important step
towards identifying adaptation needs to secure grassland services.
Free-air carbon dioxide enrichment (FACE) experiments (e.g. Schneider et al. 2004) and modelling studies (Hunt et al. 1991, 1998, Parton et al. 1995, Thornley & Cannell 1997, Riedo et al. 1999) have indicated
that grassland productivity may beneﬁt from increas-

ing atmospheric CO2 concentrations. This could result
from the direct stimulation of photosynthetic C assimilation, although recently there has been some controversy about the magnitude of this effect (Long et al.
2006), but also improved water use efﬁciency (e.g.
Volk et al. 2000). However, the positive response to
elevated CO2 may be opposed by feedback mechanisms associated with nutrient cycling (Diaz et al.
1993, Rastetter et al. 1997). In particular, shifts in the
balance between nitrogen (N) mineralisation and
immobilization in favour of the latter (Thornley &
Cannell 2000, Shaw et al. 2002, Hu et al. 2006) could
restrict the availability of soil N and, consequently,
plant photosynthetic capacity or sink activity. This
effect could be most important in unfertilized grasslands (de Graaff et al. 2006) or in systems where N
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inputs are essentially limited to biological N2 ﬁxation
(BNF) by legumes.
In this context, it is worth recalling that much of
the world’s grasslands are botanically diverse. The response of functional groups and individual species
within a sward is therefore of interest, as changes in
these components can alter nutrient cycling and affect
biodiversity (Lüscher et al. 2005). In view of a limited understanding of long-term changes in nutrient cycling,
shifts in the botanical composition remain uncertain.
White clover Triflium repens L. is the most important
pasture legume grown in temperate climates in association with a variety of grasses, notably perennial ryegrass Lolium perenne L. White clover improves the
nutritional quality and digestibility of the herbage. In
addition, it contributes substantially to the N status of
the sward through BNF. A positive response of the
latter to elevated CO2 (Zanetti et al. 1996, Hebeisen et
al. 1997) may thus help sustain productivity even when
climatic conditions become otherwise unfavourable.
Still, this ultimately depends on the long-term competitive success of clover in mixture with grasses.
In modelling studies, the coexistence of grass and
clover in mixed swards has been investigated mostly
from a theoretical point of view (Ross et al. 1972,
Thornley et al. 1995, Schwinning & Parsons 1996a,b,
Louie et al. 2002, Schulte 2003, Schulte et al. 2003), but
have largely been ignored in impact assessments (Parton et al. 1995, Topp & Doyle 1996, Thornley & Cannell
1997, 2000, Riedo et al. 1999). This situation is clearly
unsatisfactory and prompted us to undertake an attempt
to include dynamic grass–clover interactions in the
analysis of the effects of elevated CO2 and climate
change on an unfertilized grassland ecosystem.
Our work was based on the application of the Productive Grassland Simulator (PROGRASS, Lazzarotto
et al. 2009) to an extensively managed sward located
on the Swiss Central Plateau. Climate scenarios for the
21st century were developed for our study site on the
basis of results from the Prediction of Regional scenarios and Uncertainties for Deﬁning EuropeaN Climate
change risks and Effects (PRUDENCE) project (Christensen & Christensen 2007). Contrary to studies that
assume a step change in climate and atmospheric CO2
or examine equilibrium responses, here the focus was
on transient simulations on the background of continuously evolving atmospheric CO2 and climatic conditions.
For our location, the scenarios indicated a higher incidence of heat stress and drought conditions during late
spring, summer and early autumn. We conjectured that
this would have implications for grassland composition
because white clover is considered to respond more
strongly to drought than perennial ryegrass (Frame &
Newbould 1986). On the other hand, ﬁeld experiments
have suggested that white clover could proﬁt more than

ryegrass from elevated CO2 concentration (Hebeisen
et al. 1997), implying a trade-off between positive and
negative impacts that remains to be quantiﬁed.
Based on these considerations, our work focused on
testing 2 contrasting hypotheses: (1) increasing heat
and water stress will lead to a decline in clover abundance over time, in particular if grass can proﬁt from
the emerging competitive advantages with respect to
C assimilation and N acquisition (Lazzarotto et al.,
2009); (Lazzarotto et al. 2009); (2) in the long term, the
negative impacts of climate change on clover will be
offset by the beneﬁts of elevated CO2 on BNF (Zanetti
et al. 1996, Serraj et al. 1998), promoting clover growth
and grassland productivity.

2. MATERIALS AND METHODS
2.1. Experimental site and field data. The data were
collected from an experiment running since 2001 on
the Swiss Central Plateau at Oensingen (7° 44’ E,
47° 17’ N, 450 m above sea level [a.s.l.]). At this site,
annual mean temperature is 0.5°C and annual precipitation is 1100 mm, with 55% of the total amount falling
between April and September and 30% between June
and August.
The grassland system was established in 2001 following conversion from a long-term arable rotation (Ammann et al. 2009) on a stagnic cambisol (eutric) with
sand, silt and clay fractions of 0.25, 0.32 and 0.43, respectively, and a pH of 7.3. Undergoing extensive management, the ﬁeld was harvested 3 times each year without
the addition of fertilizers. Volumetric soil water contents
at saturation (0.53 m3 m– 3), ﬁeld capacity (0.46 m3 m– 3)
and permanent wilting point (0.31 m3 m– 3) were determined on soil cores using standard methods. A saturated
soil hydraulic conductivity of 410 mm d–1 was estimated
using ROSETTA software (Schaap et al. 2001), assuming
a relatively low bulk density of 1.16 × 106 g m– 3.
In 2001, the organic N content in the top 20 cm was
0.82 kg m–2. This value exceeds the range (0.25 to
0.75 kg m–2) that can be inferred for temperate grasslands from data collected by Jobbágy & Jackson (2000)
and assuming a C:N ratio in SOM of about 10 (Conant
et al. 2005). This suggests that our study site is not
necessarily representative of semi-natural systems.
The ﬂoristic composition of the sward was estimated
annually by a visual survey using the method of BraunBlanquet (1964). Average clover fraction throughout
the growing season was between 0.5 and 0.6.
2.2. The model. A detailed description of PROGRASS has recently been published by Lazzarotto et
al. (2009). In brief, plant processes (including C assimilation, plant respiration, mineral N uptake, BNF, allocation of assimilates to shoot and root compartments,
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and senescence) were simulated by PROGRASS separately for grass and clover. Light relations were modelled assuming a higher extinction coefﬁcient for
clover (0.8) than for grass (0.5). Mineral N uptake rates
and BNF depended on soil mineral N availability. Further, the model assumed plant-speciﬁc responses to
temperature, soil water availability and atmospheric
CO2. Inputs to the SOM pool were from plant decay
and fertilization, while outputs were linked with mineralization. Apart from N uptake by the plants, the
mineral N pool was depleted by leaching and gaseous
N exchange with the atmosphere.
As mentioned in Lazzarotto et al. (2009), values for
the model parameters were either taken from the literature or determined from an application of PROGRASS
to the FACE experiment run at Eschikon, Switzerland
(47° 27’ N, 8° 41’ E, 550 m a.s.l.) (Hebeisen et al. 1997).
For the present study, the model was extended with
respect to the computation of SOM turnover, BNF and
soil temperature. Concerning SOM dynamics, the original formulation was replaced by the set of equations
implemented in the CENTURY model (Parton et al.
1987, 1993). This modiﬁcation entailed a partitioning of
the N losses into gaseous emissions and leaching of
organic and mineral N.
With respect to BNF, we introduced a new response
θ,CO2
(θ, ca), that simultaneously accounts for
function, fBNF
water status (θ) and atmospheric CO2 (ca) according to
the experimental results of Serraj et al. (1998). The
equation for the BNF rate, UBNF, is therefore:
UBNF =

(1)

⎧0
⎪(T – T
BNF,1 )/(TBNF,2 – TBNF,1 )
⎪ s
1
⎪
T
fBNF
(Ts ) = ⎨
⎪1 – [(Ts – TBNF,3 )/
⎪
(TBNF,4 – TBNF,3 )]
⎪
⎩0

(3)
if Ts ≤ TBNF,1
if TBNF,1 < Ts ≤ TBNF,2
if TBNF,2 < Ts ≤ TBNF,3
if TBNF,3 < Ts ≤ TBNF,4
if Tsoil >TBNF,4

with parameters TBNF,1 = 9°C, TBNF, 2 = 13°C, TBNF, 3 =
26°C and TBNF, 4 = 30°C.
In Eq. (2) the fraction of BNF that can be maintained
at the permanent wilting point is given by:
–1
1 + c gs
⎡
⎤
θ
θ
f BNF,min
(c a ) = fE,min
⎢ 1 + (c c /c ) ⎥
⎣
gs a
350 ⎦

(4)

where f θE,min = 0.4 and cgs = 2 is a dimensionless parameter controlling the effects of atmospheric CO2 on
stomatal conductance. Similarly, the soil water content
at which BNF starts to be limited by water stress is
calculated as:
1 + c gs
⎡
⎤
θ ws,BNF (c a ) = θpwp + (θ ws,c – θpwp ) ⎢
⎥
⎣ 1 + (c gs c a /c 350 ) ⎦

(5)

Here θws,c is the soil water content at incipient stomatal
closure. It is calculated from the corresponding soil
water potential ψws,c = –400 J kg–1 according to Campbell (1985) as:
⎛ ψ e ⎞ 1/b
θ = θsat ⎜
⎝ ψ ws,c ⎠⎟

(6)

if θ > θ ws,BNF (ca )
⎧1
⎪θ
θ
⎪fBNF,min (ca ) + [ 1 – fBNF,min (ca )]
θpwp < θ
⎪
θ,CO2
if
fBNF
(θ,ca ) = ⎨
θ – θpwp
≤ θ ws,BNF (ca )
⎪
θ ws,BNF (ca ) – θpwp
⎪
⎪⎩ f θ
if θ ≤ θpwp
BNF,min (c a )

where θsat is the volumetric soil water content at saturation and ψe the so-called air entry potential that,
along with the shape parameter b, depends on soil
physical properties.
At ca = 350 ppm, f θBNF,min (ca) from Eq. (4) is equal to
θ
f E,min = 0.4, increasing almost linearly with ca above
this threshold to reach a value of about 0.8 at ca =
860 ppm. Likewise, θws,BNF (ca) is equal to θws,c at ca =
350 ppm, and decreases with increasing ca to half this
value at ca = 860 ppm.
Concerning the evaluation of soil temperature, the
minimalistic scheme considered by Lazzarotto et al.
(2009) was improved as followed. We ﬁrst calculated
variations in soil temperature associated with the annual
cycle of air temperature (TsA) using the analytical solution of the heat conduction equation for a homogeneous,
semi-inﬁnite soil slab subject to harmonic boundary
conditions (e.g. Carslaw & Jaeger 1959), namely:
(7)
z ⎞
TsA (z, t) = MA + A A exp ⎛ –
sin(ω A t + Φ A – z/zDA )
⎝ zDA ⎠

where f θBNF,min and θws,BNF are given by Eqs. (4) & (5),
respectively, θpwp denotes the soil water content at the
permanent wilting point and as before:

where MA, AA and ΦA are respectively the mean, amplitude and phase of the annual cycle, ωA = 2π/365 d–1
the angular frequency, zDA = (2D/ωA)1/2 the so-called

θ,CO2
T
fBNF
(Ts ) f BNF
(θ, c a ) eBNF UBNFmax

N min
⎞
Wrt,c ⎛ 1 – fUc
⎝
N min + κ BNF ⎠

T
where fBNF
(Ts) expresses the dependence of BNF on
soil temperature Ts, Wrt,c is the root dry matter (DM)
of clover, Nmin the soil mineral N content, eBNF = 0.5
the BNF efﬁciency relative to soil mineral N uptake,
UBNFmax = 0.0024 kg N (kg root DM)–1 d–1 the maximal
BNF rate, fUc = 0.95 the maximal fraction of N uptake
from the soil, and κBNF = 0.006 kg Nmin m–2 the soil
mineral N content at which the BNF rate becomes halfmaximal. Moreover,
(2)
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damping depth, and z the effective depth, assumed to
be 0.2 m. As seen here, the damping depth is related to
the thermal diffusivity D which itself is a function of
soil texture and water content (Campbell 1985).
Next, we computed the difference between surface
radiation temperature, T0R, and air temperature, Ta,
according to Holtslag & van Ulden (1983) as:
δ T0R = T0R – Ta ≡

c R NR
fLAI
4 σ Ta3

(8)

where
fLAI = exp(–κe LAI)

(9)

In Eq. (8), NR is the surface radiation budget estimated from incoming solar radiation (Davies 1967),
cR a heating coefﬁcient of the order of 0.1 (Monteith &
Szeicz 1961), σ = 5.67 × 10– 8 W m–2 K– 4 the StefanBoltzmann constant, while in Eq. (9) κe is the effective
extinction coefﬁcient of the canopy (Lazzarotto et al.
2009) and LAI the total leaf-area index.
A basic assumption underlying our revised algorithm
was that δT0R reﬂects the dominant mode of variability
at time scales between the daily and the seasonal.
Spectral analysis of temperature records at our study
site suggested that the dominant mode of variability
has a periodicity of 2π/ωm ≈ 14 d, ωm being the corresponding circular frequency. Deﬁning zDm = (2κ /ωm)1/2,
introducing the time delay implicitly and using the surface temperature anomaly given by Eq. (8) to perturb
TsA(z,t) from Eq. (7), the daily soil temperature Ts was
ﬁnally calculated as:
Ts (z, t +

z/zDm
z ⎞
) = TsA (z, t) + δ T0R (t) exp ⎛ –
⎝
ωm
zDm ⎠

(10)

2.3. LARS-WG weather generator. Climate scenarios for the study sites were generated using the LARSWG stochastic weather generator (Semenov & Barrow
1997, Semenov et al. 1998). LARS-WG relies on the
serial approach to the analysis of weather series developed by Racsko et al. (1991) and uses the normal distribution to model temperature variables (with mean and
standard deviation varying daily according to ﬁnite 3rd
order Fourier series) and semi-empirical distributions
to model precipitation and solar radiation, separately
on wet and dry days (Semenov 2007).
The standard procedure to construct daily weather
for a climate change scenario consists of 2 steps
(Semenov, 2007). First, parameters deﬁning the statistical distributions of minimum and maximum temperature, precipitation and solar radiation are computed for
the baseline period using long-term weather observations. In our case we used daily data for 1981–2007
from an operational weather station (Wynau, 7° 47’ E,
47° 15’ N, 422 m a.s.l.) located approximately 5 km
southeast of our study site. The performance of LARSWG for our site was examined on the basis of statistical

tests built in the weather generator (χ2 goodness-of-ﬁt
tests for comparing probability distributions; t- and
F-tests for comparing mean values and standard deviations). Overall, the tests indicated a high likelihood
(p > 0.01) that observed and synthetic data stem from
the same population. In the second step, the climate
change signal extracted from global or regional climate simulations (scenario versus baseline) is used to
modify the baseline statistical parameters. This requires
speciﬁcation of changes in average monthly values for
total precipitation, minimum and maximum temperature, interannual variability of mean temperature, solar
radiation and duration of wet and dry spells. In the
standard version, the new statistics are directly used
by LARS-WG to generate daily data under the assumption of a new stationary state.
For our application, LARS-WG was modiﬁed to
enable the generation of daily data reﬂecting evolving
climate conditions. As before, changes in monthly statistics were speciﬁed for the end of a period of interest
(in our case anomalies for the year 2100). These were
linearly interpolated in time to obtain a transient evolution of the climate change signal, and it was only at
this stage that synthetic daily data were created. This
procedure ensures a smooth transition from year to year.
One may argue that the assumption of a linear trend
for the climate change signal is not realistic. Departures from linearity indeed appear in global and
regional climate simulations but, if at all, they are of
concern only relatively to the last decades of the 21st
century. In view of the many other uncertainties affecting the scenarios (assumptions concerning the emissions scenario, choice of global and regional climate
model, speciﬁc setup of the corresponding simulations), we maintain that the approach can be justiﬁed.
2.4. Estimation of hourly data. Hourly data needed
as model input were derived in the post-processing of
LARS-WG outputs following Thornley & France (2007).
For radiation, a weighted average of a full sine and half
sine curve were used to mimic the diurnal cycle,
whereas for temperature and relative humidity a sinusoidal progression was assumed, with maxima and
minima at dawn and 3 h after solar noon, respectively.
In addition, daily precipitation sums were uniformly
distributed over 24 h, and wind speed was assumed
constant at 1 m s–1.
The quality of the hourly data was tested indirectly
by assessing their impact on the model results. With
respect to the simulation of productivity and ﬂuxes of
C, N and water at Oensingen (data not shown), no signiﬁcant departure from the baseline runs (see ’Results’)
was found.
2.5. Simulations with climate scenarios. Climate
scenarios for 1991–2100 were developed on the basis
of climate projections for the 2100s derived from the
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output of the Climate High-Resolution Model (CHRM,
Vidale et al. 2003). The data were obtained from the
archives of the PRUDENCE project (Christensen &
Christensen 2007) and refer to the A2 emissions scenario (IPCC 2000).
The relevant monthly anomalies are presented in
Table 1. Apart from a temperature increase on the
order of 3°C in winter and 5°C in summer, the most
striking feature of the scenario is the marked decrease
in rainfall amounts during May–November and concurrent increase in the duration of dry spells. With
respect to the summer season (Fig. 1), the scenario suggests a more frequent occurrence of heat and water
stress comparable to the conditions observed during
the summer heat wave of 2003 (Schär et al. 2004).
Given the implications of drought for the ecosystem
dynamics under the working hypothesis that clover is
less tolerant of water stress than grass, 3 scenarios
were generated to study the consequences of drought
as a single factor, and in combination with changes
in temperature, radiation and atmospheric CO2 concentrations. These were: (1) a growing-season drought
scenario (GSD) deﬁned only by changes in rainfall
amounts and duration of wet and dry spells during
April to October as given in Table 1; (2) a full A2 climate change scenario, but with CO2 concentration
kept constant at 370 ppm (A2-370); and (3) a full A2 climate change scenario with increasing CO2 concentration as deﬁned by the Bern-CC model (Appendix II in
IPCC 2001) with a value of 860 ppm by the end of the
century (A2-860).
For each scenario, a total of 10 individual realizations
of 110 yr of daily synthetic weather were created with
Table 1. Changes (Δ) in monthly climate statistics between
2071–2100 and 1961–1990 simulated by the Climate High
Resolution Model for the Swiss Plateau under the assumption
of an A2 emissions scenario. Changes in mean precipitation
rate (P), duration of wet (τwet) and dry (τdry) spells, global radiation (GR) and interannual standard deviation of air temperature (σT) are relative; changes in daily maximum (Tmax) and
minimum (Tmin) air temperature are absolute
ΔP

Δτwet

Δτdry

ΔTmax
(°C)

ΔTmin
(°C)

ΔσT

ΔGR

1.10
1.44
1.26
0.99
0.77
0.72
0.53
0.69
0.72
0.98
0.66
1.06

0.91
1.19
1.01
0.86
0.53
0.72
0.77
0.75
0.86
0.81
0.82
1.15

0.65
0.73
0.70
1.11
1.23
1.75
2.21
1.79
1.34
1.08
1.34
0.92

3.51
2.57
1.93
2.99
3.58
4.07
5.64
7.05
5.95
4.40
3.39
3.37

3.07
2.11
1.38
2.15
2.49
2.89
3.49
4.28
4.00
3.00
1.64
2.58

0.80
0.79
0.96
1.18
1.11
1.33
1.23
1.13
1.00
1.11
0.96
0.79

1.07
0.98
1.00
1.14
1.16
1.13
1.14
1.17
1.12
1.16
1.32
1.23

Month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
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Fig. 1. Cumulative distribution functions (CDFs) of June-JulyAugust average values for (a) daily temperature (T), (b) precipitation rate (P) and (c) number of dry days (ndry) under
current climatic conditions (dashed lines) and as projected by
the A2-860 scenario (solid lines). The CDFs were estimated
from data spanning a 30 yr period (1961–1990 and 2071–
2100). Observed mean values during the summer of 2003 are
included for comparison (thick vertical line)

LARS-WG. (Daily values of the minimum/maximum
relative humidity, currently not part of the standard
output of LARS-WG, were calculated from solar radiation using statistical relations ﬁtted to the observations
for each month of the year and assumed valid also
under altered climatic conditions.) Although a larger
number of realizations would have been desirable for a
quantitative assessment of scenario uncertainties, our
practical choice nevertheless offered the opportunity
to explore the range of solutions admitted by the statistical properties of the local climate and the climate
anomalies.
Model simulations were started in 1991 assuming a
constant management with 3 annual harvests at ﬁxed
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dates and without application of N fertilizers, in agreement with the current practices at Oensingen. In view of the rapid
changes during establishment of the
sward in the ﬁrst few years after sowing
(see also Lazzarotto et al. 2009), the years
1991 to 2000 were disregarded from the
analysis.

3. RESULTS
3.1. Model performance
The model performance for current
conditions was assessed by comparing
simulated and measured multi-year data
of aboveground biomass, clover biomass
fraction and net ecosystem CO2 exchange
(NEE). Initial conditions for SOM pools
were the same as used by Lazzarotto et al.
(2009) and the timing of harvests was
obtained from the log ﬁles of the ﬁeld
experiment.
With a few exceptions, simulation
results for the selected parameters were
consistent with measurements (Fig. 2),
implying that the model was able to capture essential aspects of biomass dynam-

Fig. 2. Performance of PROGRASS in simulating (a) aboveground dry-matter
(DM) production, (b) clover fraction and (c) cumulative net ecosystem exchange
(NEEcum) on the extensively managed ﬁeld in Oensingen, 2002–2005. Continuous lines and empty squares: simulation results; closed circles and dashed lines:
observations; error bars: SD

Fig. 3. Transient simulations for the 21st century of
(a) annual yield and (b) annual mean clover fraction
for the growing-season
drought (GSD, solid lines),
A2-370 (dashed lines) and
A2-860 (grey area) scenarios. For each scenario, the
range of mean ± SD from 10
simulations driven by independent LARS-WG realizations of the daily weather is
given

Lazzarotto et al.: Modelling grass–clover interactions

ics such as seasonal patterns and interannual variation
during a period with strongly variable climatic conditions including the 2003 drought. For aboveground
biomass (Fig. 2a), the root mean square difference
(RMSD) between observations and simulations was
0.14 kg DM m–2 and the largest discrepancies were
found for reproductive growth and the last regrowth
period in 2006. For the latter, the model also overestimated the clover fraction (Fig. 2b) — reasons for this
discrepancy were already discussed in Lazzarotto et al.
(2009) — but, given a RMSD of 0.14, the results can be
considered as satisfactory.
For cumulative NEE, the RMSD was 0.59 tonnes (t)
ha–1. However, most of the time simulations matched
measurements better than indicated by the statistics,
and substantial discrepancies were mostly restricted to
the second half of 2005 (Fig. 2c). Additional analysis of
the component ﬂuxes of NEE (not shown) suggested
that these latter differences were likely due to overes-

Fig. 4. Same as Fig. 3
but for (a) soil organic N
stock (Norg), (b) soil mineral N stock (Nmin) and
(c) net mineralization
rate
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timation of ecosystem respiration during a short period
of about 15 d following the second harvest.

3.2. Projection of changes in yield and clover fraction
Annual yields decreased from about 10.0 t ha–1
under present climatic conditions to 7.0 and 6.5 t ha–1
under GSD and A2-370 scenarios, respectively, by the
end of the century (Fig. 3a). In contrast, under the
A2-860 scenario, annual yields increased to nearly
12.0 t ha–1 as a result of increasing clover fraction
(Fig. 3b) and clover productivity (data not shown).
Clover fraction increased from about 0.55 in 2001 to
nearly 0.60 in 2080, remaining at this level thereafter.
Little changes in clover fraction where found under the
GSD scenario, whereas a statistically signiﬁcant negative trend resulted from the A2-370 scenario over the
entire time period.

228

Clim Res 41: 221–232, 2010

Fig. 5. Same as Fig. 3
but for (a, c) annual
mean fraction of assimilates allocated to
roots (φrt,cl, φrt,gr) and
(b, d) total root biomass (Wrt,cl, Wrt,gr).
Subscripts cl and gr
denote white clover
Triflium repens L.
and perennial ryegrass Lolium perenne
L., respectively

3.3. Projection of changes in soil N stocks and net
mineralization
For all scenarios, soil organic N stocks dropped
rapidly during the initial phase of the simulations (Fig.
4a), with an initial loss rate of approximately 20 kg N
ha–1 yr–1 that is consistent with the experimental ﬁndings of Ammann et al. (2009) at our study site. This
suggested an imbalance between the loss caused by

net mineralization (about 80 kg N ha–1 yr–1 under present climatic conditions) and the input from plant litter
(roughly 60 kg N ha–1 yr–1), which continued until
about 2030 under A2-860 and 2050 under GSD and
A2-370. Later, the negative trend in organic N stock
was reversed under A2-860, and slowed down under
GSD and A2-370 as a result of either increasing sward
productivity (A2-860) (Fig. 3a) or decreased net mineralization (GSD, in particular) (Fig. 4c). Regarding soil
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Fig. 6. Same as Fig. 3 but
for (a) annual mean biological N2 ﬁxation (BNF)
and (b, c) annual mean
uptake of soil mineral N
by white clover Triflium
repens (UN,cl) and ryegrass Lolium perenne
(UN,gr), respectively

mineral N, regression analysis revealed a weak but
statistically signiﬁcant negative long-term trend, with
a total decline of 5% under GSD and 12% under A2860 (Fig 4b). Under A2-370, soil mineral N stock
remained unchanged.

3.4. Projection of changes in root biomass, BNF and
N uptake
Allocation of assimilates to roots increased with time
in all 3 scenarios, both for grass and clover (Fig. 5a,c).
Yet an increase in root biomass was only found
in clover under the A2-860 scenario, and root biomass
in clover decreased under the 2 other scenarios, most
strongly under the assumption of constant CO2 (A2370) (Fig. 5b). For grass, a decline in root biomass was
found with all scenarios (Fig. 5d), reﬂecting a stronger
limitation of C assimilation and a decrease in total productivity (data not shown).

BNF was clearly stimulated by elevated CO2 (Fig. 6a),
although with increasing variability, whereas in the
absence of CO2 stimulation (GSD and A2-370) BNF
tended to decrease during the second half of the
simulation period (Fig. 6a). The pattern of N uptake in
clover for the different scenarios was similar to those of
BNF (Fig. 6b). For the grass component, N uptake
remained stable under both A2 scenarios, but it declined under GSD (Fig. 6c).

4. DISCUSSION
Differences in the response to environmental drivers
between legumes and grasses can be expected from
experimental data (Lüscher et al. 2005). With respect to
C assimilation and growth, clover was assumed less
tolerant of drought than grass, and we therefore
hypothesized that climate change associated with
more frequent soil water deﬁcits could ultimately lead
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to a continuous decline in clover abundance. In the
absence of CO2 stimulation (A2-370), a slightly negative trend in clover fraction was indeed observed (Fig.
3b).
On the other hand, clover biomass and total sward
productivity (Fig. 3a) were found to beneﬁt from elevated CO2 (A2-860), in agreement with ﬁndings by
Hebeisen et al. (1997). In the absence of nutrient limitations, positive effects of elevated CO2 are generally
observed in legumes (Rogers et al. 2006) and can be
attributed to increased C availability (Hu et al. 2006).
In the model, this was accounted for by enhanced photosynthesis and BNF. Given the concurrent decline in
productivity of grass (data not shown), our ﬁndings
agree with the conclusion by Zanetti et al. (1996) that
in grass–clover mixtures, yield stimulation by elevated
CO2 results primarily from an increase in clover productivity.
The positive trend observed under A2-860 could also
result from improved drought tolerance of N2 ﬁxation
(Serraj et al. 1998). In PROGRASS this was implemented as an increase in the minimal BNF rate (Eq. 4)
and a reduction in the soil water content at which BNF
starts to be limited by water stress (Eq. 5). However,
sensitivity tests (data not shown) suggested that in our
case study this effect was of minor importance.
We also noticed that the positive CO2 effect could
persist even on a background of increasing temperatures beyond time scales of a few years, which are typical for ﬁeld experiments (Figs. 3 & 6, in particular).
This suggests that unless water becomes limiting for
BNF, sward productivity in unfertilized grassland
ecosystems could be sustained under increasing CO2
in spite of a higher incidence of heat stress. In the
absence of CO2 stimulation (A2-370), however, BNF
was found to decline over time (Fig. 6a), leading to a
signiﬁcant reduction in sward productivity (Fig. 3a).
In the Swiss FACE experiment, root mass of perennial ryegrass showed a marked positive response to
elevated CO2 (Hebeisen et al. 1997). This could have
implications for the composition of the sward, as in
another application of PROGRASS Lazzarotto et al.
(2009) noticed that more vigorous root growth in grass
could provide competitive advantages in terms of N
acquisition and positive feedbacks on C assimilation
and light interception. However, this type of response
could not be found in our simulations, despite a relative increase in the allocation of assimilates to grass
roots (Fig. 5c). Likely this reﬂected the limited soil mineral N availability (of the order of 2.5 kg ha–1 throughout the simulation period), which is in contrast with the
100 kg N ha–1 yr–1 applied even to the low N plots in
the FACE experiment.
Overall, the simulations underlined the role of BNF
as a key element of grassland dynamics. However,

BNF appears here in a somewhat different light than in
the modelling study conducted by Thornley & Cannell
(2000). While the size of the soil mineral N pool is primarily determined by the turnover of SOM, here the
annual system N gain through BNF was on the order
of 100 to 300 kg N ha–1 yr–1, exceeding the input from
net mineralization (i.e. the balance between gross mineralization and immobilization), which was less than
100 kg N ha–1 yr–1. Although not examined in detail,
this result suggests a stronger impact of increasing
temperatures and decreasing soil water availability on
mineralization than on BNF, underpinning the need for
a better understanding of the interactions between soil
and vegetation in the context of climate change.

5. CONCLUSIONS
We developed transient climate scenarios that project
strongly increasing temperatures and more extended
drought periods during late spring, summer and early
autumn. These trends affect nutrient cycling and productivity of grass–clover swards, but the net effect
strongly depends on the concurrent increase in CO2,
to which legumes may respond more strongly than
grasses. With respect to the initial hypotheses, the
following conclusions were drawn:
(1) Clover abundance did not decline even in the
absence of CO2 stimulation, because BNF was less
severely affected by increasing heat and water stress
than N uptake in grass.
(2) A decrease in clover abundance was also prevented because root growth in clover was less strongly
limited by climate change than in grass. As a consequence, grass could not obtain competitive advantages
with respect to N acquisition, C assimilation and light
interception.
(3) Clover development beneﬁted from the overall
positive effects of CO2 on N acquisition, in particular
improved drought tolerance of BNF.
Overall, the positive response of BNF to elevated CO2
was the reason for increasing productivity of the sward.
This result is broadly consistent with experimental observations. However, its general validity remains to be
demonstrated. Also, in extending the present analysis,
the implications of recent experiments on the combined
effects of higher temperature, water stress and elevated
CO2 on C assimilation and growth of ﬁxing legumes
(Aranjuelo et al. 2008, 2009) should be taken into account.
In addition, we did not consider possible changes in
plant traits and soil microbial biomass activity, which
reﬂect the genetic plasticity of plants and soil organisms and could be induced either through acclimation
or breeding. Such changes could signiﬁcantly alter the
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time estimates of the surface ﬂuxes from routine weather
ecosystem responses to the combined effects of climate
data. J Clim Appl Meteorol 22:517–529
change and elevated CO2. Finally, it is likely that techHu S, Tu C, Chen X, Gruver JB (2006) Progressive N limita➤
nical progress in the management of grasslands and
tion of plant response to elevated CO2: a microbiological
pastures will overcome some of the impacts brought
perspective. Plant Soil 289:47–58
about by increasing temperatures and drought.
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