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Abstract
Evidence suggests that the expected increase in frequency and magnitude of extreme weather
events during climate change will alter plant productivity. Therefore, extreme weather events
might also be capable of changing C sequestration and allocation. Here, experimental grassland
communities of two species compositions, differing in their diversity, were exposed either to a
simulated single drought or to a heavy-rainfall event. The magnitude of these manipulations imi-
tated the local 100-year weather extreme according to extreme-value statistics. Effects on Net
Ecosystem CO2 Exchange (NEE in lmol m–2 s–1) as well as aboveground biomass production
and leaf-area index (LAI) were recorded from prior to the manipulations until two months after
the manipulations ended. Initial light utilization efficiency and maximum NEE increased after the
drought. No change in the respiration was detected and maximum uptake capacity (GPPmax)
was 15% higher for the drought-manipulated plots compared to controls, which indicates an
enhanced CO2 uptake into the systems. The level of diversity was also found to alter the light-
response curves, increasing respiration and maximum NEE to a higher degree than drought in
the more diverse compared to the less diverse community. This resulted in an increase of
GPPmax by 55%. No significant interactions between species composition and weather manipu-
lations were detected. Interestingly, aboveground biomass production was not significantly
affected by weather manipulations, even though LAI increased due to drought. This increase
was caused by a decrease in the ratio between reproductive and vegetative growth. The heavy-
rainfall manipulation resulted in no significant effects. Our data suggest that C sequestration can
be enhanced by a single weather event. However the importance, long-term duration, and
thresholds or turning points of such effects need to be investigated further as intensification of
weather extremes is currently emerging as one of the most important facets of climate change.
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1 Introduction

It is widely acknowledged that the frequency and magnitude of
extreme weather events will increase during ongoing global cli-
mate change (Easterling et al., 2000; Meehl et al., 2000a; IPCC,
2007). The effects of extreme weather events, such as drought
or heavy rainfall, on biodiversity and ecosystem functioning are
likely to be much stronger than the effects of changes in mean
values of temperature and precipitation (Easterling et al., 2000;
Meehl et al., 2000a). However, extreme weather events have

not yet received much attention from climate-impact research
related to vegetation dynamics or ecosystem services
(Jentsch et al., 2007). The majority of the few existing experi-
mental studies on extreme weather events lack details on the
magnitude or extremeness (Jentsch, 2006) of applied manip-
ulations relative to local mean conditions. Thus, general
mechanisms of ecosystem response to extreme weather
events have not yet been identified.

* Correspondence: Dr. J. Kreyling;
e-mail: juergen.kreyling@uni-bayreuth.de

§ Focus Issue Soil Processes under Extreme Meteorological Condi-
tions. Selected papers presented on an international symposium held
in Bayreuth (Germany), February 25–28, 2007 (Convenors: E. Matz-
ner and W. Borken).



Grassland ecosystems comprise about 1/5 of the earth’s land
surface and contain >10% of the global C stocks (Eswaran et al.,
1993). Carbon dioxide–flux measurements have shown grass-
lands to be a net sink for atmospheric CO2 and have also shown
that rising CO2 levels generally improve carbon (C) sequestra-
tion in grassland ecosystems (see review by Jones and Don-
nelly, 2004). However, it is still unclear if global warming will turn
grasslands into CO2 sources or if they will remain sinks. This will
most likely depend strongly on soil substrate and climatic condi-
tions like current temperature and precipitation (Jones and
Donnelly, 2004). Jobbágy and Jackson (2000) concluded from a
gradient study that soil organic C decreases with increasing
temperature and increases with higher rainfall. From satellite
data, it has been shown that reduced summer CO2 uptake is
probably the result of hotter and drier summers in both mid and
high latitudes, demonstrating that a warming climate does not
necessarily lead to higher growing-season CO2 uptake, even in
high-latitude ecosystems that are considered to be tempera-
ture-limited (Angert et al., 2005).

Even less is known about the effects of single weather events
than about warming or rising CO2 levels. Usually, plants
reduce photosynthetic capacity under drought (Reichstein
et al., 2002; Valladares and Pearcy, 2002; Aranda et al.,
2005; Grant et al., 2006). Higher C uptake into a grassland
system was, in contrast, reported from Ireland during a dry
year, although even the dry year did not pose severe drought
stress to the plants (Jaksic et al., 2006). Similarly, higher C
uptake in the dry season than in the wet season was found
for a cerrado system in Brazil (Miranda et al., 1997). Ecosys-
tem respiration rates were reduced when rainfall was reduced
by 50% in a Wyoming mixed-grass prairie (USA) (Chimner
and Welker, 2005). Contrary to these studies which indicate a
net CO2 uptake due to drought, other studies report in-
creased emissions under water stress, e.g., in a desert-shrub
community in Baja California, Mexico (Hastings et al., 2005),
and it is well-known that mineralization peaks shortly after
rewetting ends prolonged dry soil conditions (e.g., Sponseller,
2007). In a North American tallgrass prairie, seasonal mean
soil CO2 flux decreased by 8% under reduced rainfall
amounts (by 30%), by 13% under altered rainfall timing (50%
increase of dry intervals with concomitant increase in rainfall
intensity), and by 20% when both were combined (Harper
et al., 2005). This finding implies that the intensity of rainfall
events may also play a certain role in C fluxes and is further
demonstrated by the finding that doubled precipitation can
also increase soil CO2 efflux in a tallgrass prairie (Zhou et al.,
2006). To sum up these findings, drought seems to limit CO2
uptake in grassland ecosystems, but whether this ultimately
results in C emission or sequestration is still unclear.

Global loss of plant-species diversity is another factor capable
of substantially altering ecosystem C fluxes and therefore could
potentially modify the global C cycle (Koch and Mooney, 1996).
There is experimental evidence that aboveground productivity
increases with increasing diversity (Hooper et al., 2005; Balva-
nera et al., 2006; Beierkuhnlein and Nesshoever, 2006; Cardi-
nale et al., 2006). Accordingly, it has been shown that declining
diversity decreases ecosystem CO2 uptake in calcareous
grassland communities (Stocker et al., 1999). Despite these
findings, respiration is reported to increase with increasing

diversity in mesocosms (Naeem et al., 1994, 1995). Legumes
play an important role in ecosystem nutrient fluxes (Spehn et al.,
2002), and there is a complicated interaction between legume
presence, phosphate availability, and C sequestration under cli-
mate change. In short, the presence of legumes tends to
increase the C-sink strength, at least under enhanced CO2 con-
ditions (Soussana and Hartwig, 1996; Koerner, 2003). The inter-
action of diversity with climate may therefore play an important
role in C allocation to the soil, as it is found to increase in func-
tionally diverse communities under drought, as well as when
CO2 content is elevated (Craine et al., 2001).

Diversity has also been linked to system stability. The insur-
ance hypothesis (Yachi and Loreau, 1999) states that com-
munities which are more diverse in species or functional
groups can be expected to be more resistant against environ-
mental perturbations. McGrady-Steed et al. (1997) point to
the higher predictability of diverse communities, and Naeem
(1998) stresses that in face of sudden changes, high diversity
increases the “reliability” of communities.

Here, we apply local 100-year extreme drought and heavy-
rainfall events to two grassland communities that differ in
their diversity regarding species richness, plant-growth forms,
and presence of legumes. We hypothesize that (1) both
drought and heavy rainfall decrease C uptake and biomass
production. We also expect (2) higher C uptake in the more
diverse community than in the less diverse community, and
that (3) the less diverse community is more strongly affected
by the extreme weather manipulations.

2 Materials and methods

The experiment (EVENT experiment: Jentsch et al., 2007)
was carried out in a two-factorial design manipulating (1)
weather events (drought, heavy rainfall, control), and (2)
community diversity (four grassland species were used to
create two different diversity levels as explained further
below). Each factorial combination was repeated five times.
Experimental plant communities were blocked and randomly
arranged within each manipulation, resulting in 30 plots 2 m ×
2 m in size. Original species composition was maintained by
periodical weeding. Prior to the experiment, an area of 50 m
× 70 m was prepared with homogenized substrate (approx.
80 cm in depth) and drainage facilities to avoid soil-related
singularities. Texture of the soil body consisted of loamy sand
(82% sand, 13% silt, 5% clay) with pH = 4.5 and total N =
0.07% in the upper and pH = 6.2 and total N = 0.01% in the
lower soil layer. The EVENT experiment is located in the Eco-
logical-Botanical Garden of Bayreuth University, Germany
(49°55‘19″ N, 11°34′55″ E, 365 m asl). Mean annual temper-
ature is 7.8°C; mean annual precipitation reaches 709 mm
(data: German Weather Service). Usually, annual precipita-
tion is distributed bi-modally with the major peak in June/July
and a second peak in December/January.

2.1 Extreme weather events (Factor 1)

Manipulations consisted of extreme drought, heavy rainfall,
and control. The magnitude of manipulations was chosen
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according to the local 100-year extreme event in each cate-
gory. Growing periods (March to September) 1961–2000
were used as a reference period (data: German Weather Ser-
vice). For this time period, Gumbel I distributions were fitted
to the annual extremes, and 100-year-recurrence events
were calculated (Gumbel, 1958). Accordingly, a drought
event of 32 d and a heavy-rainfall event of 170 mm over 14 d
were applied in the experiment during peak growing season
in early summer 2005 (drought: June 9 to July 10; heavy rain-
fall: June 27 to July 10). The maximum values in the historical
data set were 33 d without rain during June and July 1976
and 152 mm over 14 d in June 1977.

Drought was simulated using rain-out shelters, constructed
with a steel frame and covered with transparent foil that per-
mitted approx. 90% penetration of photosynthetically active
radiation. Greenhouse effect was meliorated by starting the
roof at 80 cm height, allowing for wind through-flow. Near-
surface air temperature was not significantly different below
the shelters compared to outside the shelters during the
manipulation period (pairwise t-test with Bonferroni correc-
tion: p = 0.27). Manipulation effects on soil moisture and pre-
cipitation are shown in Fig. 1.

Heavy rainfall was applied using portable irrigation systems.
Drop size and rainfall intensity resembled natural heavy-rain-
fall events with water applied by Veejet 80100 nozzles, com-

monly used in erosion research (Kehl et al., 2005). The total
amount of water to be applied was divided into two applica-
tions per day to ensure constant high soil water content. If
natural precipitation events occurred, the amount of rain was
subtracted from the respective dose. Lateral surface flow was
avoided by the application of plastic-sheet pilings around
each plot and the manipulation block.

The control plots were completely untreated and subject to
ambient natural conditions (Fig. 1).

2.2 Experimental plant communities (Factor 2)

Four plant species were used to install artificial plant commu-
nities, which represent naturally occurring species combina-
tions in Central Europe. The less diverse community con-
sisted of two species (Holcus lanatus, Arrhenatherum elatius)
belonging to one functional group (grass). The more diverse
community contained four species (Holcus lanatus, Arrhe-
natherum elatius, Plantago lanceolata, Lotus corniculatus) of
three functional groups (grass, herb, legume herb). One hun-
dred plant individuals per plot were planted in a systematic
hexagonal grid with 20 cm distance between neighbors in
early April (April 2) from pregrown individuals acclimated on
site since February 2005. Here, we tested if diversity per se
changes reactions to extreme weather events in this commu-
nity. For this, we built two plant communities which differed in
several aspects of diversity known to be of ecological impor-
tance, namely species richness, diversity of growth forms,
presence of key functions like N fixation, and species identity.
The aim of this experiment is not to disentangle these facets
of diversity, but rather to test if diversity has any effect on
reactions of this community in face of extreme weather
events. There is such a multitude of possible functional trait-
classification options of which we do not know the relevance
yet (e.g., mycorrhizal partners, root architecture, or second-
ary metabolite production), that even by concentrating on one
aspect such as species richness with replications of different
species compositions, it will not be possible to build conclu-
sive experiments, because other aspects of diversity will
inevitably vary with changes in the species composition. The
reduction of complexity of the experimental systems as well
as their strongly controlled environmental conditions are the
only way to allow for identification of causal effects of chan-
ging variables such as extreme events or species diversity
(see detailed discussion in Beierkuhnlein and Nesshoever,
2006).

2.3 Data acquisition

Net Ecosystem Exchange (NEE) was measured using closed
dynamic-ecosystem chambers, where NEE was calculated
by CO2-concentration changes over time measured with an
infrared gas analyzer (IRGA) connected by flexible inflow and
outflow tubes to the chamber. Fluxes of CO2 were measured
over three campaigns in summer 2005 (June 6 to July 6,
July 13 to August 5, August 30 to September 15). In each
campaign, measurements were taken for approx. ten entire
days under a bright and clear sky from dawn to dark with six
measurements of each plot at each day. The volume of the
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Figure 1: Soil moisture (% volume) at 12.5 cm depth and precipitation
in the EVENT experiment during manipulation and recovery after
extreme drought and heavy-rainfall events in 2005. Soil moisture was
measured by TDR-tube access probe. Mean values and standard
errors are shown. Numbers indicate end of gas-flux measurement
campaigns and date of biomass harvests (1: June, 2: July, 3:
September). Gray bars show precipitation sums over 10 d periods for
the weather manipulations in comparison with ambient conditions in
2005 (control) and the long-term mean precipitation 1961–2000
(data: German Weather Service, Station Bayreuth). Timing of the
weather manipulations is indicated by the black vertical bars.
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chambers was 39 cm length × 39 cm width × 52 cm height.
Due to the systematic planting grid, each frame contained
four plants (one individual per species in the high-diversity
community and two individuals per species in the low-diver-
sity composition). The chambers were fixed to collars
inserted 7 cm into the soil and installed at least one week
before measurements. Constant temperature within the
chambers was guaranteed by the use of three small fans
which triggered a modular cooling system via remote control
of fan direction (Wohlfahrt et al., 2005), which assured a con-
stant temperature inside the chamber. Gas-flux measure-
ments with closed chambers are known to overestimate C
sequestration due to their influence on many microclimatolo-
gical parameters such as water-vapor deficit (Niklaus et al.,
2000). Therefore, we focus on relative changes between the
weather manipulations or community compositions where the
systematic error is constant, and we avoid reporting absolute
C sequestration rates.

Following the flux measurement, aboveground plant biomass
inside the chambers was harvested and separated into vege-
tative (leaves) and reproductive (flower stems and flowers)
biomass. Leaf area (LAI) was measured using an Area Meter
(LICOR Model 3100). Afterwards, the plant material was
oven-dried and weighed to obtain aboveground biomass.

2.4 Data processing

Light-response curves depicting the NEE rate of each plot in
each campaign were obtained from gas-flux measurements

by fitting an empirical rectangular hyperbola model (Gilmanov
et al., 2005):

NEE � abQ
aQ � b

� c,

where a is the initial slope of the light-response curve and an
approximation of the canopy light utilization efficiency
(lmol m–2 s–1), b is the maximum CO2 uptake rate of the
canopy (lmol m–2 s–1), Q is the photosynthetically active
radiation (PAR, in lmol m–2 s–1), and c is an approximation of
the average daytime ecosystem respiration (lmol m–2 s–1).

In our study, this model estimated NEE well. Fitted for each
plot individually, the coefficient of determination between
observations and trimmed data was r2 = 0.92 when averaged
over all plots (Tab. 1).

An approximation of maximum canopy uptake capacity was
calculated as:

GPPmax = NEE2000 – Reco,

where NEE2000 is the Net Ecosystem Exchange at a high
level of light intensity (here: PAR = 2000 lmol m–2 s–1), Reco
is the corrected respiration term (c) obtained from the model.

2.5 Statistical analysis

Linear mixed-effects models were employed to test for
weather manipulation and diversity-level effects while taking
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Table 1: Parameters and the quality of the fit for the empirical light-response model. Shown are mean values, standard error for each para-
meter, and mean r2. a is the initial slope of the light-response curve and an approximation of the canopy light utilization efficiency (lmol m–2

s–1), b is the maximum CO2 uptake rate of the canopy (lmol m–2 s–1), c is the average daytime ecosystem respiration (lmol m–2 s–1).

Campaign Community Weather
manipulation

a b c r2

June grasses & herbs control 0.01±0.003 12.70±1.19 4.83±0.60 0.87

drought 0.01±0.001 15.46±2.48 4.62±0.30 0.93

heavy rainfall 0.01±0.002 22.32±2.77 5.34±0.78 0.90

grasses only control 0.04±0.012 8.83±1.80 3.58±0.53 0.91

drought 0.09±0.057 8.02±3.65 2.99±0.11 0.93

heavy rainfall 0.04±0.026 8.38±2.13 3.49±0.14 0.89

July grasses & herbs control 0.03±0.005 26.19±8.02 6.26±0.28 0.96

drought 0.02±0.001 28.94±4.27 5.93±0.32 0.96

heavy rainfall 0.05±0.006 22.13±5.01 7.62±0.85 0.93

grasses only control 0.02±0.005 10.75±1.29 4.29±0.48 0.93

drought 0.03±0.005 10.78±0.60 4.99±0.30 0.95

heavy rainfall 0.06±0.017 9.08±1.40 4.88±0.46 0.90

September grasses & herbs control 0.03±0.009 12.97±0.63 5.85±0.55 0.92

drought 0.04±0.016 16.15±0.86 5.94±0.63 0.93

heavy rainfall 0.02±0.002 18.98±6.92 6.90±0.56 0.91

grasses only control 0.01±0.002 7.36±1.03 4.02±0.21 0.89

drought 0.03±0.010 10.39±1.10 4.58±0.27 0.92

heavy rainfall 0.02±0.003 9.99±1.81 5.05±0.24 0.86

684 Mirzaei, Kreyling, Hussain, Li, Tenhunen, Beierkuhnlein, Jentsch J. Plant Nutr. Soil Sci. 2008, 171, 681–689



repeated measures into account (Faraway, 2006). First, the
interaction between weather manipulations and diversity level
with time as a random factor was assessed. If the interaction
was not significant, the model was simplified to test only for
weather-manipulation effects by leaving out the interaction
effect and using time and diversity level as random effects.
Significance of differences (p < 0.05) was evaluated by
Markov-Chain-Monte-Carlo sampling of 1,000 permutations
(Bates and Campbell, 2001). The data was log-transformed
prior to statistical analysis if conditions of normality were not
met or if it was necessary to improve homogeneity of var-
iances. Both characteristics were tested by examining the
residuals versus fitted plots and the normal qq-plots of the
Mixed Models (Faraway, 2006). The statistical analysis was
performed with the package lme4 (Bates and Sarkar, 2007)
in R (R Development Core Team, 2006).

3 Results

3.1 Carbon fluxes and productivity as affected by
extreme weather events

Carbon fluxes were significantly altered by the drought
manipulation compared to the control with an increase in the
light utilization efficiency (a) by 58% (simplified mixed model:
p < 0.05) as well as an increase in maximum CO2 uptake
rate (b) by 14% (simplified mixed model: p < 0.05; Fig. 2).
The respiration term (c) showed no significant effects from
manipulation. Furthermore, no significant changes were
found for heavy rainfall in any of the three parameters of the
NEE light-response curve.

Maximum uptake capacity (GPPmax) was 15% higher in the
drought manipulation than in the control over time (simplified
mixed model: p < 0.05; Fig. 3). Again, no significant effect
was found for heavy rainfall.

Aboveground biomass production did not show significant
reactions to the applied extreme weather manipulations (sim-
plified mixed model: p > 0.05; Fig. 4a). However, LAI was
39% higher in the drought manipulation as compared to the
control over time (simplified mixed model: p < 0.05; Fig. 4b).
The ratio between reproductive and vegetative biomass was
shifted towards less reproductive and more vegetative growth
following the drought manipulation (simplified mixed model: p
< 0.05). This difference was not apparent during the manipu-
lations in June, but became stronger over time and was sig-
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Figure 2: Light-response curves of net ecosystem exchange (NEE)
in experimental grassland communities of two diversity levels during
and after simulation of extreme weather events as a function of
photosynthetically active radiation (PAR). Weather manipulations
took place in June. Significant effects were found for drought in
parameter a and b and for diversity level in parameter b and c
according to mixed models (p < 0.05).

Figure 3: Maximum uptake capacity (GPPmax) over time in
experimental grassland communities separated by weather manip-
ulations (left) and species composition (right). Weather manipulations
took place in June 2005. No significant interaction between weather
manipulations and species composition was detected. Significant
effects between weather manipulation and control or between the two
species compositions according to mixed models (p < 0.05) are
marked with an asterisk. Mean values and standard errors are
shown.

Figure 4: Aboveground-stand development over time separated by
weather manipulations (left) and species composition (right).
a) Aboveground biomass; b) leaf-area index (LAI); and c) the ratio
between reproductive and vegetative biomass. Weather manipula-
tions took place in June. No significant interaction between weather
manipulations and species composition was detected. Significant
effects between weather manipulation and control or between the two
species compositions according to mixed models (p < 0.05) are
marked with an asterisk. Mean values and standard errors are
shown.

J. Plant Nutr. Soil Sci. 2008, 171, 681–689 Effect of a single drought event of 100-year recurrence 685



nificant after the end of the manipulation (Fig. 4c). Averaged
over all three time steps, the ratio between reproductive and
vegetative biomass decreased by 57% in the drought-
manipulated plots.

3.2 The role of the species composition

The two species compositions differed in the light response
of NEE. The more diverse community showed an increase in
maximum CO2 uptake rate (b) by 110% compared to the less
diverse community (mixed model: p < 0.05). This is a much
more significant increase than the one found for the drought
manipulation. On the other hand, the more diverse commu-
nity exhibited a 40% increase in the respiration term (c) as
compared to the less diverse community (mixed model:
p < 0.05). Ultimately, maximum uptake capacity (GPPmax)
was 55% higher in the more diverse community (mixed
model: p < 0.05; Fig. 3). Aboveground biomass production
and LAI were consistently higher in the more diverse commu-
nity (for both parameters mixed models: p < 0.05; Fig. 3).

Species composition did not alter the response to the
extreme weather manipulations as the mixed models did not
detect any significant interaction between diversity level and
weather manipulations.

4 Discussion

4.1 Carbon fluxes and productivity as affected by
extreme weather events

The drought event altered C fluxes in the grassland systems
without significant change to aboveground biomass produc-
tion. The uptake capacity and GPPmax were increased follow-
ing the drought (increased values for a, b) without changes in
respiration term (c), thus indicating a net C uptake into the
system. This increase in photosynthesis can be explained by
a higher LAI after drought compared to control. The increase
in LAI is correlated with a shift in aboveground biomass from
reproductive to vegetative growth after the end of the drought
manipulation. Similar overcompensation after a stress event
is described for grazing (Jaremo et al., 1996; Van der Graaf
et al., 2005) and is generally discussed as plant compensa-
tory growth (McNaughton, 1983). Another possible explana-
tion would be a shift in species composition and relative
importance of each species due to the applied drought. Krey-
ling et al. (2008a) have shown that species composition in
the same experiment changed due to the drought manipula-
tion. Notably Lotus corniculatus, the legume herb, exhibited
significantly higher die-back after drought manipulation as
compared to control. As grasses generally have higher LAI
than herbs, such a change in community composition may
add to the observed increase in LAI without change in total
biomass in the present study.

Aboveground productivity remained unchanged, and the ob-
served changes in C flux therefore have to be interpreted as
C allocation into belowground compartments or as increased
storage of carbohydrates during or after drought (Thomas
and James, 1999). In particular, fructans concentrations

increase during water stress (e.g., Amiard et al., 2003),
whereas other carbohydrates are also reported to decrease
(Karsten and MacAdam, 2001) and especially starch concen-
trations are lower after drought events (Breda et al., 2006;
Hamidou et al., 2007). No significant shifts in root length are
apparent in our experiment (Kreyling et al., 2008b). However,
plant roots contribute to soil C not only through their death
and decomposition, but also by rhizodeposition resulting from
exudation, mucilage production, and sloughing from living
roots (Vanveen et al., 1991; Reeder et al., 2001). Here, we
have no hints as to where the additional C is stored. Even
though C allocated to the root system might be more stable
sequestered (Jones and Donnelly, 2004), the long-term dura-
tion of such effects, the consequences to soil C pools, and
the overall importance need to be further investigated.

A similar finding of increased NEE during drought is reported
from a cerrado ecosystem in Brazil. However, this system still
losts C because respiration rates were higher than the in-
creased uptake (Miranda et al., 1997). It is furthermore well-
known that mineralization peaks during rewetting after a long
period of dry soil conditions (Sponseller, 2007). Nevertheless,
drought events reduce CO2 efflux from soil columns even
when rewetting periods are included (Muhr et al., 2008, this
issue) and can turn forest catchments from a source to a sink
of methane (Fiedler et al., 2008, this issue). Our measure-
ments covered the potential time span in which such effects
might have occurred, but our data showed no such strong
increase in respiration compared to control within the 8
weeks after drought manipulation. This fact indicates that the
C uptake into the system might be transferred into more
stable pools in the soil. Interestingly, the effects of the drought
manipulation on NEE is most obvious in September (Fig. 2
and 3), which is already 2 months after the weather manipula-
tions finished. This fact clearly illustrates that such events
may have implications on ecosystem functioning out of pro-
portion to their short duration (White and Jentsch, 2001;
Jentsch et al., 2007).

The applied weather extremes did not alter total aboveground
biomass production, although LAI was affected. Single
events not exceeding historical extremity (100-year-recur-
rence probability of the applied manipulations) seem there-
fore not to pose serious implications to the productivity of
these grassland systems. Other experiments simulating
drought by comparable methods in the field predominantly
report decreased productivity, however, at more extreme
manipulation strengths (e.g., Grime et al., 2000; Penuelas
et al., 2004; Kahmen et al., 2005). It can be assumed that
events which lead to a decrease in aboveground productivity
can no longer enhance NEE, and an increase in frequency
and magnitude of such events is predicted (Meehl et al.,
2000b; IPCC, 2007), leading to conditions under which previ-
ously rare events happen in consecutive years or reach
unprecedented extremity. There will be thresholds or turning
points which will lead to reactions opposite to our findings
when a certain magnitude is exceeded. Therefore, our results
of increased NEE due to drought seems to be a special case
for when drought intensity does not exceed the adaptative
capabilities of the studied ecosystem, although the applied
events here already represent local 100-year extremes. The
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interaction between several climate parameters, however, is
an important point to be considered. Elevated atmospheric
CO2 concentrations, e.g., might reduce the vulnerability of
grassland production to climatic variation and climatic change
to some extent (Soussana and Luscher, 2007).

The heavy-rainfall manipulation resulted in no significant
changes in NEE or aboveground biomass production. This is
most likely due to the fact that the applied manipulation did
not lead to longer periods of completely saturated soil despite
our expectations (Fig. 1). On the sandy substrate of the
experimental site, the local 100-year rainfall extreme over 2
weeks was not limiting plant growth. This finding underlines
basic ecological knowledge: The substrate is the key factor
controlling response of vegetation to altered precipitation pat-
terns.

4.2 The role of the species composition

Species composition plays an important role in regulating C
fluxes. Here, the more diverse community in terms of species
richness, growth forms, and presence of legumes showed a
higher potential for C uptake (b), but also an increase in
respiration (c). Net C sequestration seemed to increase sub-
stantially in the more diverse community, since GPPmax was
55% higher than in the grasses-only community. However,
the strong increase in aboveground productivity for the more
diverse community suggests that the net C uptake was trans-
ferred into aboveground biomass, which is an instable C
pool.

Not only the higher productivity (see review by Beierkuhnlein
and Nesshoever, 2006), but also the increased respiration is
supported in the literature for more diverse communities:
Naeem et al. (1994, 1995) report a significant increase in
community respiration at comparatively high diversity levels
in grassland plant assemblages.

However, we found no significant interaction between
weather manipulations and species composition. This fact
implies that diversity does not have a strong influence on C
fluxes in the face of extreme weather events, at least for our
community compositions where both communities were
rather poor, and for weather extremes that did not change
total biomass production.

5 Conclusions

Single extreme weather events with a statistical recurrence of
100 years are capable of altering C fluxes in grasslands,
even without altering aboveground biomass production.
Based on our data, C sequestration can be enhanced after a
single weather event, probably due to plant–compensatory
growth effects that change resource allocation between
vegetative and reproductive growth. Long-term effects and
the importance of such short-term events on global C
sequestration need to be further evaluated. Community
composition influenced C fluxes with increased C uptake and
biomass production in the more diverse species composition
of this case study, but no difference in response to extreme

weather events was found for the different species composi-
tions.

The significance, length, and the thresholds or turning points
of the observed phenomena need to be investigated further,
as intensification of weather extremes is currently emerging
as one of the most important facets of climate change. We
propose that studies of the long-term effects of such short
events on ecosystem functions could provide novel and use-
ful insights for science and societies, especially when consid-
ering that these events may have impacts on C sequestration
long after the weather events are over.
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