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ABSTRACT

Extreme weather events are expected to increase in

frequency and magnitude due to climate change.

Their effects on vegetation are widely unknown.

Here, experimental grassland and heath commu-

nities in Central Europe were exposed either to a

simulated single drought or to a prolonged heavy

rainfall event. The magnitude of manipulations

imitated the local 100-year weather extreme

according to extreme value statistics. Overall pro-

ductivity of both plant communities remained sta-

ble in the face of drought and heavy rainfall,

despite significant effects on tissue die-back.

Grassland communities were more resistant against

the extreme weather events than heath commu-

nities. Furthermore, effects of extreme weather

events on community tissue die-back were modi-

fied by functional diversity, even though conclu-

siveness in this part is limited by the fact that only

one species composition was available per diversity

level within this case study. More diverse grassland

communities exhibited less tissue die-back than

less complex grassland communities. On the other

side, more diverse heath communities were more

vulnerable to extreme weather events compared to

less complex heath communities. Furthermore,

legumes did not effectively contribute to the buf-

fering against extreme weather events in both

vegetation types. Tissue die-back proved a strong

stress response in plant communities exposed to

100-year extreme weather events, even though

one important ecosystem function, namely pro-

ductivity, remained surprisingly stable in this

experiment. Theories and concepts on biodiversity

and ecosystem functioning (insurance hypothesis,

redundancy hypothesis) may have to be revisited

when extreme weather conditions are considered.
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INTRODUCTION

It is widely acknowledged that frequency and mag-

nitude of extreme weather events will increase

during ongoing global climate change (Easterling

and others 2000; Meehl and others 2000; IPCC

2007). Changes in drought regime and heavy rainfall

have already been reported for Europe according to

climate data series (for example, Beck and others

2001; Schönwiese and others 2003; Schmidli and

Frei 2005), and are furthermore proposed from
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predictive modeling (for example, Raisanen and

Joelsson 2001; Christensen and Christensen 2003;

Sanchez and others 2004; Semmler and Jacob 2004).

The effects of extreme weather events on vegetation

and ecosystem functioning are likely much stronger

than the effects of changes in mean values of tem-

perature and precipitation (Easterling and others

2000; Meehl and others 2000). However, extreme

weather events have not yet received much atten-

tion in vegetation-related climate impact research

(Jentsch and others 2007). Furthermore, the few

existing experimental studies on extreme weather

events often lack details on magnitude or extreme-

ness (Jentsch 2006) of applied manipulations rela-

tive to local mean conditions. Objectively choosing

realistic extremeness and describing extremeness in

relation to local conditions is crucial to allow for the

identification of general mechanisms of ecosystem

response to extreme weather events. Especially the

insurance hypothesis (Yachi and Loreau 1999)

which states that communities which are more di-

verse in species or functional groups can be expected

to be more resistant against environmental pertur-

bations, and questions such as complementarity and

redundancy (Naeem 1998) need to be re-addressed

in this context.

Here, we study the effects of drought and pro-

longed heavy rainfall in artificial communities of

two vegetation types (grassland and heath) of dif-

ferent functional composition. European grassland

and heath communities are widespread, deliver

economic value, provide many ecological services

such as ground water recharge, and are important

for nature conservation.

Extreme Weather Events and Plant
Response

Drought and prolonged heavy rainfall are expected

to affect plants via modified soil moisture. Water

shortage leads to a decline in water potential and to

water stress. In contrast, excess of water in soil

pores creates oxygen deficits and produces a

reducing milieu in the soil which is connected with

effects on nutrient availability. The lack of oxygen

can cause substantial short-term fine root mortal-

ity, even though species reactions differ consider-

ably (Crawford and Braendle 1996). Both

mechanisms are capable of reducing productivity or

even of killing plants if exceeding certain magni-

tudes. As both extreme events, drought and heavy

rainfall, generate highly stressful conditions, we

hypothesize that both lead to immediate tissue die-

back and reduced aboveground productivity over

the growing season.

Differences in Vegetation Types:
Grassland Versus Heath

In temperate grasslands, evidence suggests that

drought events cause reduced biomass productivity

(Sternberg and others 1999; Grime and others

2000; Kahmen and others 2005), reduced repro-

ductive success (Fox and others 1999; Morecroft

and others 2004), and ultimately result in altera-

tions of species composition (Grime and others

2000; Buckland and others 2001). Heavy rainfall

events have received considerably less interest,

even in well-studied vegetation types such as

temperate grasslands. It has been reported from a

North American prairie, though, that heavy rainfall

events, combined with elongated drought periods

in between, are more effective in decreasing pro-

ductivity and changing species composition than an

overall decrease in precipitation by 30% (Fay and

others 2002; Knapp and others 2002). However,

compared with simulated extreme heat, one brief

extreme rainfall resulted only in slight changes of

species composition in New Zealand grassland

communities (White and others 2000).

European heath systems have also been found to

show sensitive responses to extreme weather con-

ditions. Heathland reacts to drought with decreased

productivity (Gordon and others 1999; Filella and

others 2004; Llorens and others 2004; Penuelas and

others 2004), reduced reproductive success (Gor-

don and others 1999; Lloret and others 2004; Llo-

rens and Penuelas 2005), and ultimately with

changes in species composition (Lloret and others

2005).

These findings suggest that both grassland and

heath would respond similarly to extreme weather

events. This is remarkable, because grassland and

heath communities are composed of different spe-

cies with very different functional traits such as, for

example, mean life span or lignification of the

predominant species. Differing from grasses, dwarf

shrubs do not die back completely over winter and

can more effectively control transpiration rates. On

the other hand, grasses are known to perform only

weak stomata control.

Therefore, we suppose that grassland productiv-

ity is resilient in the face of the applied weather

manipulations, whereas heath productivity is

resistant. Here, resilience shall be defined as the

ability of a system to absorb a disturbance event

and return to pre-disturbance characteristics after a

short period of time, whereas resistance shall be

defined as the ability of a system to remain almost

unaffected (compare Grimm and Wissel 1997). This

notion of grassland productivity being resilient and
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heath productivity being resistant thus implies

higher vulnerability of grassland to extreme

weather events in the short run.

Species Composition and Stability
in Face of Extreme Weather Events

There is a long lasting debate about whether the

stability against environmental fluctuations is re-

lated to the diversity of communities (summary in

Beierkuhnlein and Jentsch 2005). According to the

insurance hypothesis (Yachi and Loreau 1999),

McGrady-Steed and others (1997) point at the

higher predictability of diverse communities and

Naeem (1998) stresses that in the face of sudden

changes, high diversity increases the ‘‘reliability’’ of

communities. The general idea is that diverse sys-

tems may be more stress tolerant because a higher

number of species means a greater likelihood that

there will be plant species to take over if other

species suffer or die. Shifts in dominance and spe-

cies-specific reactions therefore draw attention.

It has been questioned, however, if the described

effects are caused by species numbers or rather by

key species or functional types (Hooper and others

2005). In biodiversity experiments, facilitation of

ecosystem functioning by legumes was found

(Spehn and others 2002; Beierkuhnlein and Nes-

shoever 2006). Mainly, the presence of legumes

resulted in a higher productivity of communities

via increased nitrogen availability. In most tem-

perate ecosystems, available soil nitrogen is a lim-

iting factor for plant growth. An increased supply of

nitrogen can promote tolerance against other

stressors (Larcher 2003). Here, we cannot test the

insurance hypothesis comprehensively, but we

compare the reactions of communities differing in

their functional and species compositions. For

example, we expect that communities containing

legumes are more stable in productivity and stress

response after experimentally applied extreme

weather events than communities only including

non-legumes.

Our objectives were to test (1) the ecological ef-

fects of climatological extreme events. We further-

more asked (2) whether community composition is

an important driver of system performance after

extreme weather events in relation to two vegeta-

tion types with contrasting functional types of their

predominant species (grassland versus heath), and

(3) whether more diverse communities in our case

study are more tolerant against the applied 100-year

drought and heavy rainfall events.

MATERIALS AND METHODS

Experimental Design

The field experiment (EVENT-experiment, Jentsch

and others 2007) was carried out in a three-facto-

rial design manipulating (1) weather events

(drought, heavy rainfall, control), (2) vegetation

type, and (3) diversity level (Table 1). The design

consisted of 90 plots, each 2 · 2 m in size, with

every factorial combination replicated five times.

Experimental plant communities (vegetation

type · diversity level) were blocked and randomly

assigned within each weather manipulation. Ori-

ginal species composition was maintained by peri-

odical weeding. Prior to the experiment an area of

50 · 70 m was prepared with homogenized sub-

strate (about 80 cm in depth) and drainage facilities

to avoid soil-related heterogeneity. Texture of the

soil body consisted of loamy sand (82% sand, 13%

Table 1. Experimental Plant Communities of Two Vegetation Types (Grassland, Heath) were used in Three
Functional Diversity Levels, Resulting in Six Species Combinations

Abbreviation Vegetation

Type

Description Species

G2) Grassland Two species, one functional group (grass) Arrhenatherum elatius, Holcus lanatus

G4) Grassland Four species, two functional groups

(grass, herb)

Arrhenatherum elatius, Holcus lanatus,

Plantago lanceolata, Geranium pratense

G4+ Grassland Four species, three functional groups

(grass, herb, legume herb)

Arrhenatherum elatius, Holcus lanatus,

Plantago lanceolata, Lotus corniculatus

H2) Heath Two species, one functional group (dwarf shrub) Calluna vulgaris, Vaccinium myrtillus

H4) Heath Four species, two functional groups

(dwarf shrub, grass)

Calluna vulgaris, Vaccinium myrtillus,

Agrostis stolonifera, Deschampsia flexuosa

H4+ Heath Four species, three functional groups

(dwarf shrub, legume shrub, grass)

Genista tinctoria, Vaccinium myrtillus,

Agrostis stolonifera, Deschampsia flexuosa

G = grassland; H = heath; 2/4 = number of species; ), without legume; +, with legume.
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silt, 5% clay) with pH(KCl) = 4.5 and total

N = 0.07% in the upper and pH(KCl) = 6.2 and total

N = 0.01% in the lower soil layer. Data acquisition

was carried out in the central square meter of each

plot only, to circumvent edge effects. The experi-

ment is located in the Ecological-Botanical Garden

of the University of Bayreuth, Germany

(49�55¢19¢¢N, 11�34¢55¢¢E, 365 m asl). Mean an-

nual temperature is 7.8�C; mean annual precipita-

tion 709 mm (data: German Weather Service).

Usually, annual precipitation is distributed bi-

modally with a major peak during June/July and a

second peak during December/January.

Extreme Weather Manipulations

The weather manipulations consisted of extreme

drought, prolonged heavy rainfall, and ambient

conditions for control. Intensity of the treatments

was based on the local 100-year extreme event in

each category; that is, we used a defined extreme-

ness of weather events to measure ecological re-

sponse, because we were interested if ecological

response to the same weather event will differ be-

tween different plant communities. Vegetation

periods (March–September) 1961–2000 were used

as the reference period (data: German Weather

Service). Gumbel I distributions were fitted to the

annual extremes, and 100-year recurrence events

were calculated. Drought was defined as the

number of consecutive days with less than 1 mm

daily precipitation. Accordingly, a drought period

of 32 days and a rainfall extreme of 170 mm over

14 days were applied in the experiment during the

peak growing season in June 2005 (drought

manipulation: days of the year 160–191; heavy

rainfall manipulation: 178–191). Maximum values

in the historical data set were 33 days without rain

during June and July 1976 and 152 mm of pre-

cipitation during 14 days in June 1977.

Drought was simulated using rain-out shelters,

constructed with a steel frame (Hochtunnel, E & R

Stolte GmbH, Germany), and covered with a

transparent plastic sheet (material: 0.2 mm poly-

ethylene, SPR 5, Hermann Meyer KG, Germany),

which permitted nearly 90% penetration of pho-

tosynthetically active radiation. Near-surface air

temperature was slightly (mean + 1.2�C), but not

significantly (pairwise t-test with Bonferroni cor-

rection: P = 0.12), increased by the roofs during the

weather manipulation period. Strong greenhouse

effects were avoided by starting the roof at 80 cm

height, allowing for near-surface air exchange.

Heavy rainfall was realized using portable irri-

gation systems. Drop size and rainfall intensity

resembled natural heavy rainfall events through

application by Veejet 80100 nozzles, commonly

used in erosion research. At 0.03 MPa water pres-

sure this system resulted in 2.8 mm water per

minute. The whole amount of added water was

divided into two applications per day to constantly

ensure high soil water saturation. If natural pre-

cipitation occurred, then the amount of rain was

subtracted from the respective dose. Lateral surface

flow was avoided by the application of small plastic

sheet pilings around treated plots.

Experimental Plant Communities

Overall, ten plant species were used to install arti-

ficial plant communities, which nevertheless

represent naturally occurring species combinations

in Germany. Species were chosen with respect to

their belonging to one of the desired functional

groups (grasses, herbs, legumes, dwarf shrubs), to

their life-span (perennials), to their overall impor-

tance in nearby and central European grassland

and heath systems, and to the fact that they can

naturally occur on similar substrate. A total of 100

plant individuals per plot were planted in a sys-

tematic hexagonal grid with 20 cm distance be-

tween neighbors in early April (day of the year 92)

from pre-grown individuals acclimated on site since

February 2005. Communities were planted in three

diversity levels for both vegetation types, resulting

in six species combinations (Table 1). Only one

species composition was used per diversity level

and vegetation type. 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 changing variables such as extreme events

or species diversity (see detailed discussion in Bei-

erkuhnlein and Nesshoever 2006).

Data Acquisition: Response Parameters

Aboveground net primary productivity (ANPP) had

to be quantified in different ways in the grassland

and heath communities. For the grassland plots,

aboveground harvests were conducted twice a year

(1 week after weather manipulations ended, day of

the year 200; and in September, day of the year

255), resembling local agricultural routines. ANPP

was calculated by subtracting the initial biomass at

planting from the sum of biomass over both har-

vests. Initial biomass was obtained by destructive

measurements of 10 representative individuals per

species prior to planting. The resulting mean bio-

mass was multiplied by the number of planted

individuals per plot. For the heath plots, destructive
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sampling was not feasible due to the absence of

such a disturbance in their natural environments

and the chamaephytic life form of the key species.

Instead, a set of non-destructive biometric mea-

sures were calibrated by multiple regression anal-

ysis against harvested individuals from outside the

central plots, but inside the weather manipulations.

For each species, a coefficient of correlation of

r2 > 0.8 was reached by a combination of two or

three biometric measures.

Tissue die-back was quantified by cover

measurements of standing-dead plant organs. A

pin-point method was applied, recording the pres-

ence of plant organs in general and the presence for

each species separately at 100 vertically inserted

steel needles. These values were treated as percent

cover. The measurement was repeated four times

over the course of the vegetation period.

Soil moisture was monitored over the growing

period by weekly readings with a TDR tube access

probe (Diviner 2000, Sentek) at 5, 12, 20, and

28 cm soil depth in every plot. Near-surface air

temperature was logged continuously in 10 min

intervals in the G4) communities of the drought

and control treatments using thermistores

(B57863-S302-F40, EPCOS).

Data Analysis

Significant differences between groups were tested

for by analysis of variance (ANOVA). Homoge-

neous groups of factor combinations (weather

manipulation, vegetation type, and diversity level)

were identified by Tukey HSD post-hoc compari-

son. Repeated measure ANOVAs were used for

measurements repeated over time (for example,

tissue die-back). Prior to statistical analysis, data

were log or square root transformed, if conditions

of normality were not met or to improve homo-

geneity of variances. Both characteristics were

tested by examining pp-qq plots (Faraway 2005).

All statistical analyses were performed using SPSS

12.0 for Windows.

RESULTS

Ecological Effects of Climatological
Extreme Events

Effects of Weather Manipulations on Soil Moisture

Availability. Soil moisture content displayed the

effects of the applied weather manipulations on the

ecologically relevant parameter water availability

(Figure 1). Dry conditions before the beginning of

the drought manipulation (only 4 mm of precipi-

tation in the 15 days before manipulation onset)

had already led to a minimum in soil water con-

tent. During the drought treatment, soil water

content remained at this minimum at and below

the permanent wilting point of this substrate
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Figure 1. Soil moisture and precipitation in the EVENT

experiment during manipulation and recovery after ex-

treme drought and heavy rainfall events. Soil moisture (%

volume) at 12.5 cm depth was measured by TDR tube

access probe. As no difference in soil moisture as a function

of experimental plant community was detected, all plant

communities were merged together. Mean values and

standard errors are given. Upper dot-dashed line indicates

field capacity (pF = 1.8), lower dot-dashed line indicates

permanent wilting point (pF = 4.2) of the soil substrate

(AG Boden 1996). Grey bars show weekly precipitation for

the weather manipulations in comparison with ambient

conditions (control) and the long-term mean precipitation

1961–2000 (data: German Weather Service, Station Bay-

reuth). Timing and duration of the weather manipulations

is indicated by black horizontal bars.
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(pF = 4.2, AG Boden 1996). During the rainfall

manipulation, it took nearly 2 weeks until soil

moisture had reached its maximum, and field

capacity of the substrate (pF = 4.2, AG Boden

1996) was surpassed only transiently. After the end

of the manipulation, however, soil moisture re-

mained above the control level for several weeks,

which resulted in about 20 days of water saturation

in August, whereas the naturally wet conditions

during this time led to moisture levels above field

capacity for only 1 week in the control.

Plant Community Productivity and Tissue Die-Back in

Response to the Weather Manipulations. Overall,

simulated drought and prolonged heavy rainfall

had no significant effect on community above-

ground net primary productivity (ANPP), except in

the heath community composed of grasses and

dwarf shrubs (H4), Figure 2). Here, heavy rainfall

resulted in an increase in ANPP compared to con-

trol. The increase in biomass was due to the per-

formance of one grass species, Agrostis stolonifera

(Figure 3), which is known to profit from increased

soil moisture. Two other species showed significant

alterations in ANPP: Vaccinium myrtillus, which de-

creased, and Geranium pratense, which increased

ANPP after drought.

Community plant tissue die-back, recorded as

cover percentage of dead fiber, is used here to ex-

press stress response. In the grassland communities,

die-back rates were significantly higher after both

drought and heavy rainfall as compared to controls.

In heath communities, die-back rates were only

increased after drought (Figure 4, Table 2). After

drought, five species showed significant negative

stress response, four of them in heath communities

(Figure 5).

Differences in Vegetation Types:
Grassland Versus Heath

Community ANPP was not affected by drought in

any of the two vegetation types, and it increased

after heavy rainfall in one heath community

(Figure 2). An interesting, even though not sig-

nificant, finding is that all species in grassland

communities (G2), G4)) increased in ANPP,

whereas almost all species in heath communities

(H2), H4)) decreased in ANPP (Figure 3). Com-

munity tissue die-back rates revealed strong
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Figure 2. Effects of weather manipulations on commu-

nity aboveground net primary productivity (ANPP) are

small. Significant deviations from control within each

experimental plant community are marked with an

asterisk (ANOVA, Tukey’s post-hoc comparison,

P < 0.05). Shown are mean values and standard errors

over five replications of the biomass gain between day of

the year 92 (planting date) and 255. For the grassland

communities, two destructive harvests were conducted

(day of the year 200 and 255). Regressions with non-

destructive, biometric measurements, validated outside

the plots, were used in the heath-plots. Abbreviations of

the respective species names are provided below the graph.
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Figure 3. Mean species-specific aboveground net pri-

mary productivity (ANPP) per planted individual after

planting date (day of the year 92). Grassland plots (spe-

cies on the left side) were harvested twice (day of the

year 200 and 255). ANPP of heath plots (species on the

right side) was determined by correlations of non-

destructive biometric measurements, validated against

destructively harvested control plants outside the plots.

Homogeneous groups according to Tukey HSD post-hoc

comparison are indicated by letters (a, b, c, d) only if

significant effects of weather manipulation and commu-

nity composition occurred (ANOVA, P < 0.05). Mean

values and standard errors of five replications are shown.

g grass; h herb; ds dwarf shrub; +, legume; G grassland; H

heath; 2), two species, one growth form; 4), four species,

two growth forms; and 4+, four species, two growth

forms containing legumes.
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reactions of grassland communities to both ex-

tremes and of heath communities only to drought.

By examining the significant species-specific die-

back rates (Figure 5), however, grassland com-

munities appeared to be slightly more tolerant

with increased tissue die-back of only one species

compared to increased tissue die-back of three

species in the heath communities.

Community Composition and Stability
in the Face of Extreme Weather Events

No significant differences were found between the

different community compositions within each

weather manipulation in the grassland communi-

ties, even though a trend toward increasing com-

munity productivity with increasing diversity

seems to exist (Figure 2). Community productivity

of heath communities differed significantly be-

tween community compositions, but no significant

interaction between community composition and

weather manipulation was found. This indicated

that the various community compositions did not

differ in their response to the applied weather

events for any of the two vegetation types.

Significant reactions to the applied weather

manipulations on species ANPP were found only

for two dwarf shrubs: Vaccinium myrtillus and Cal-

luna vulgaris (Figure 3). Both species produced less

biomass per planted individual in the more diverse

communities. This phenomenon even increased
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Figure 4. Tissue die-back due to simulated extreme

weather events in the experimental plant communities

1 week after the extreme weather manipulations ended

(day of the year 195). Asterisks indicate significant differ-

ences between weather manipulation and control within

each experimental plant community (P < 0.05, see Ta-

ble 1). G grassland; H heath; 2), two species, one growth

form; 4), four species, two growth forms; and 4+, four

species, two growth forms containing legumes. Displayed

are mean values and standard errors over five replications.

Table 2. Mean Tissue Die-Back due to Simulated Extreme Weather Events in the Experimental Plant
Communities over the Growing Season

Tissue Die-Back (% Cover) Day of the Year P (F) versus

Control
166 195 234 252

G2) Drought 0.0 20.0 2.0 4.8 0.006 (10.7)

Heavy rain 0.0 16.0 5.0 3.2 0.046 (4.1)

Control 0.0 5.4 1.4 2.2

G4) Drought 0.0 14.0 2.0 3.6 0.031 (3.9)

Heavy rain 0.0 11.8 5.8 2.8 0.044 (3.2)

Control 0.0 6.4 0.0 1.8

G4+ Drought 0.0 11.4 3.0 1.8 0.041 (3.9)

Heavy rain 0.0 9.2 4.6 1.0 0.179 (1.8)

Control 0.0 4.2 4.2 0.6

H2) Drought 0.0 1.8 0.4 1.2 0.029 (3.8)

Heavy rain 0.0 0.6 0.8 0.2 0.386 (1.0)

Control 0.0 0.0 0.6 0.0

H4) Drought 0.0 12.8 6.0 4.0 0.035 (5.8)

Heavy rain 0.0 3.8 0.6 1.2 0.800 (2.7)

Control 0.0 5.2 1.6 1.6

H4+ Drought 0.0 12.2 6.0 5.8 0.011 (7.4)

Heavy rain 0.0 5.6 0.8 0.6 0.170 (2.2)

Control 0.0 4.6 1.6 2.8

Repeated measures ANOVA revealed a significant interaction between time, experimental plant community, and manipulation (Greenhouse-Geisser: P = 0.002; F = 8.2).
Significant treatment effects within one experimental plant community were evaluated in a pairwise rmANOVA between one weather manipulation and control. Note that in
the grassland communities aboveground biomass was harvested twice (day of the year 200 and 255).
G = grassland; H = heath; 2) = two species, one growth form; 4) = four species, two growth forms; 4+ = four species, two growth forms containing legumes. Displayed are
mean values over five replications.
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with increasing diversity after drought compared to

control.

The two vegetation types showed oppositely di-

rected diversity effects compared to each other for

community tissue die-back (Figure 4). Nearly no

effect of weather extremes for heath communities

composed of dwarf shrubs only (H2)) contrasted

strongly with severe effects in communities com-

posed of dwarf shrubs and grasses (H4)) after

drought. Thus, the effect size increased with

increasing diversity in heath communities after

drought compared to control. Grassland commu-

nities showed the opposite response. The highest

stress values occurred in communities composed of

grasses only (G2)), whereas the presence of herbs

tended to attenuate the effect size.

Community ANPP showed no significant effect of

extreme weather manipulation between commu-

nities with legumes (4+) and without legumes (4)).

For the comparison between heavy rainfall and

controls, grassland community die-back rates were

significantly increased without the presence of a

nitrogen-fixing species, and no longer significantly

increased with a nitrogen-fixing species present.

However, this effect seems to be small (Figure 4),

and no other reaction supported the idea of in-

creased community stability due to legume pres-

ence.

DISCUSSION

Ecological Effects of Climatological
Extreme Events

In our experiment, effects of the applied weather

manipulations on plant communities were moder-

ate and community productivity appeared to be

relatively stable in the face of extreme weather

events with a recurrence of 100 years. No species

was driven to lethal reactions by the extreme

weather manipulations.

As it is the climatological extremeness which

changes due to climate change (IPCC 2007), cal-

culating and testing extremeness on this basis is a

mechanistic way to conduct experiments (Jentsch

and others 2007). But our results show that ex-

treme events in climatological parameters do not

necessarily have to be accompanied by strong

reactions in the ecosystems. The extremeness in the

ecologically relevant steering parameters (here: soil

moisture) and their dependence on the proposed

changes in climate therefore require attention.

Even though the length of time with soil moisture

below the permanent wilting point in the drought

manipulation and above field capacity in the heavy

rainfall manipulation was clearly increased as

compared to controls, we cannot provide any

number of the extremity of these conditions, as the

long-term data basis for such parameters is gener-

ally very poor and, of course, strongly site specific.

Die-back numbers and species-specific perfor-

mance at the community level, however, proved

that the applied events generated stress and that

species differ in their response. These changes

might be driven by direct plant reactions to the

applied weather manipulations or through indirect

effects. For example, effects of drought and water

on plant growth can also be translated through

changes in soil and microbial processes (Emmett

and others 2004). Such indirect effects are impor-

tant to study to obtain a mechanistic understanding

on the effects of extreme weather events.

Experimental weather manipulations resulted in

an immediate severe reduction in productivity due

to a single simulated drought in a study by Kahmen

and others (2005), but this can be explained by the

more extreme manipulation (60% longer rain-free

period compared to our study in a comparable
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Figure 5. Species-specific tissue die-back 1 week after
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environment). This fact emphasizes the importance

of reporting effects of extreme events relative to

local mean conditions, as extremeness based on

ecologically more meaningful parameters are not

commonly available (see above). Comparably small

effects on plant productivity when exposed to

drought manipulations are found in other experi-

ments during the first year, too (Fay and others

2000; Gorissen and others 2004). In these experi-

ments, effects became much more obvious after

repeated weather manipulations. However, such

an increase in recurrence describes another,

undeniably important dimension of climate

change, nevertheless leading away from the study

of single events, which was the focus of our study.

Our results imply that a single local 100-year

extreme drought or prolonged heavy rainfall event

can be tolerated by the studied vegetation types

without adverse effects on productivity, despite

high stress levels, which are indicated by significant

tissue die-back. The significant reactions by single

species, however, might be capable of changing

community compositions in the long term, poten-

tially leading to even more stable communities in

the face of recurrent disturbance events of the same

kind as the more tolerant species become more

dominant. The applied weather manipulations,

however, do not cover drought and heavy rainfall

completely, other factors like the minimum

amount of rainfall over longer time periods rather

than the time without any precipitation, or the

recurrence and timing of such events are worth

studying as well.

Differences in Vegetation Types:
Grassland Versus Heath

The literature suggests similar reactions to drought

events for both vegetation types, with reduced

biomass productivity in grassland (Sternberg and

others 1999; Grime and others 2000; Kahmen and

others 2005) and heath (Gordon and others 1999;

Filella and others 2004; Llorens and others 2004;

Penuelas and others 2004), reduced reproductive

success in grassland (Fox and others 1999; More-

croft and others 2004) and heath (Gordon and

others 1999; Lloret and others 2004; Llorens and

Penuelas 2005), ultimately resulting in alterations

of species composition in grassland (Grime and

others 2000; Buckland and others 2001) and heath

(Lloret and others 2005). Heavy rainfall has not yet

been considered nearly as extensively as drought,

rendering a literature comparison of both vegeta-

tion types with respect to this aspect impossible. We

argued that the similarity between two such con-

trasting vegetation types might only be due to the

fact that the experiments so far are not comparable

in their manipulation magnitudes.

In our experiment, grassland and heath com-

munities reacted differently to the weather

manipulations. Overall, grassland remained sur-

prisingly stable. More significant effects of weather

manipulations were found in heath species, espe-

cially in the dwarf shrubs. These differences cannot

be explained by the different treatments in terms of

cutting twice only the grassland and not the heath

communities. Even though this point complicates

direct comparisons between the two vegetation

types, our results indicate that vegetation types in

their natural disturbance regimes differ in their

reactions to extreme weather events.

The different reactions between both vegetation

types can probably be explained by the contrasting

life strategies of their dominant functional types.

Nevertheless, it is surprising that dwarf shrubs with

their rather conservative life strategies (longevity,

lignification) are more strongly affected than

grasses which are known to have a high turnover

rate, exploit resources fast and die-back when re-

source availability is limited until the conditions

become favorable again (Larcher 2003). Competi-

tive strength may be an explanation for the ob-

served differences between grasses and dwarf

shrubs. Strong competitors could be facilitated as

their neighbor’s mean competitive power decreases

with increasing diversity. This would ultimately

result in positive diversity effects only for strong

competitors. The studied dwarf-shrub species in the

heath communities are especially known to be

outcompeted by grasses under nutrient enrichment

via nitrogen deposition (Wessel and others 2004).

Community Composition and Stability
in Face of Extreme Weather Events

Our results concerning the differences in the re-

sponse to extreme events of different community

compositions are limited to one species composi-

tion per diversity level and are therefore not con-

clusive. The results, however, indicate interesting

effects that should be further examined. Looking at

community tissue die-back (Figure 4), an insur-

ance effect (McNaughton 1977; Yachi and Loreau

1999) occurred in the grassland communities. This

increase in stability with increasing diversity,

however, was even inverted in the heath commu-

nities. Positive diversity effects can be attributed to

two classes of mechanisms: sampling effects and

complementarity (Huston 1997; Tilman and others

1997; Loreau and Hector 2001). The sampling
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effect refers to the greater probability of including

(sampling) a highly productive species (or species

better adapted to changing environmental condi-

tions) in an assemblage with increasing species

richness. Positive reactions were found in our

experiment, for example, for G. pratense biomass

after drought. As many as 8 out of 19 significant

species reactions were positive. In contrast, com-

plementarity refers to a class of processes that result

in higher performance of a mixture than would be

expected from the separate performances of each

component species. Complementarity is often

attributed to niche partitioning or facilitation (Til-

man and others 1997; Loreau and Hector 2001). In

our grassland plots, the die-back rates decreased

with increasing diversity, and although we are not

able to separate between sampling and comple-

mentarity in this contribution, this effect can at

least partly be explained by facilitation (Callaway

and Walker 1997) of the two relevant species

(Arrhenatherum elatius and Holcus lanatus), which

both showed decreased die-back rates in the pres-

ence of more species (Figure 5).

Independent from diversity, the species-specific

reactions show that single extreme events can al-

ready alter competitive pressure on particular spe-

cies. Furthermore, the presence of changes in both

directions at the species level together with no ef-

fects at the community level illustrates that stability

at a higher level of organization may require

overcoming stability at lower levels (Berkes and

others 2003). Shifts in different directions at the

species level can therefore be viewed as an integral

part of the stability at the community level.

Species combinations integrating legumes pro-

duced the highest amounts of aboveground bio-

mass in both vegetation types, but this was

independent from the weather manipulations.

Facilitation by legumes, found in diversity experi-

ments where biomass production is addressed as a

key function (Spehn and others 2002), could

therefore not be proven to have a significant buf-

fering effect against the applied weather events

with respect to ANPP and tissue die-back in grass-

land and heath communities. Species-specific

reactions indicated even a higher susceptibility to

extreme weather events if legumes were present,

especially after drought. Negative effects of in-

creased nitrogen availability on ecosystem func-

tioning are also reported from other systems during

periods of water stress. Nitrogen fertilization makes

vine plants more susceptible to drought due to

decreased root to shoot ratios (Keller 2005). Populus

species are also found to be more vulnerable to

xylem cavitation due to water stress after high

concentrations of nitrogen in the soil (Harvey and

van den Driessche 1999).

CONCLUSIONS

One important ecosystem function, community

productivity, remained remarkably stable in artifi-

cial plant communities exposed to local 100-year

extreme drought and heavy rainfall events. This

finding poses the question of how the expected

increase in magnitude and frequency of extreme

climatic events influences ecological extremity. In

our experiment, tissue die-back proved to be a

strong stress response to the applied intensity of

weather manipulations. This response was modi-

fied by species composition. Even though diversity

levels used here were low and not repeated, the

opposing results from the two vegetation types

with grassland apparently stabilized against ex-

treme weather events by increasing functional

diversity, and heath communities even more ad-

versely affected in more diverse communities hint

that contrasting vegetation types or functional

groups need to be considered in more detail in the

diversity-stability debate. Mechanisms of coexis-

tence and ecosystem functioning such as above-

average effects of single species (sampling effect

hypothesis), resource-use partitioning, and com-

plementarity gain current importance in the face of

dramatically changing environments. To quantify

upcoming changes in ecosystems under these cir-

cumstances, it is an urgent question whether

functional response types are adequate tools or

whether species-specific reactions have to be con-

sidered.
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