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ABSTRACT

Timing of precipitation events within the growing increased ANPP by 12%, whereas summer warm-
season and the non-uniformity of warming might ing showed no significant effect on biomass but
be decisive for alterations in productivity and decreased species richness. The effects of increased
community composition, with consequences for precipitation variability and warming on ANPP
ecosystem functioning. The responses of above- were independent of each other. Forbs benefited
ground production, community composition, from high precipitation variability with spring
functional group and species evenness to altered drought events, likely due to reduced competitive
intra-annual precipitation variability and their pressure by decreasing, water stressed grasses. In-
interactions with winter or summer warming were creased precipitation variability coinciding with
examined in European, mesic temperate grassland. higher summer temperatures led to reduced species
Increased precipitation variability with an induced evenness and likely promoted the establishment of
spring drought resulted in a 17% reduction in specialists and drought-tolerant species. Seasonality
ANPP, and late drought reduced ANPP by 18% of climatic factors, here early versus late drought
compared to regular rainfall patterns throughout events in the high precipitation variability treat-
the entire growing season. Winter warming ments, was important in driving shifts in commu-

nity composition but not for decreases in ANPP.
Non-uniform warming, here winter versus sum-
mer, affected the direction of response of both
community composition and ANPP. Variability of
resources is affecting ecosystem processes and spe-
cies interactions. Recognition of seasonality and
non-uniformity of climatic factors will improve
- predictions of plant performance and biotic inter-
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INTRODUCTION

Increasing temperatures accompanied by more
extreme precipitation regimes due to global climate
change (IPCC 2014) are expected to strongly im-
pact community composition and ecosystem func-
tioning (Rustad and others 2001; Knapp and others
2008; Fay and others 2011; Sala and others 2015).
Greater intra-annual precipitation variability can
be expressed as longer dry periods and more in-
tense rainfall events within the growing season
(Easterling and others 2000). This change in the
intra-seasonal hydroclimate will increase soil
moisture variability leading to increased plant wa-
ter stress and, therefore, to alterations in plant
productivity (Fay and others 2003, 2011; Zhang
and others 2013; Grant and others 2014a). Fur-
thermore, these climatic alterations might act as a
driving force in species turnover and as ecological
filters in determining persistence, recruitment and
local extinction of species (Tilman and El Haddi
1992; Kammer 2002; Adler and others 2006;
Concilio and others 2016). Thus, increased fre-
quency and altered timing of droughts or intense
rainfall events might induce shifts in community
composition (Stampfli and Zeiter 2008; Smith and
others 2016). Besides the increase in precipitation
variability, there are also variations in the rate of
warming on diurnal and seasonal timescales (Xia
and others 2014). Recently, a synthesis of global air
temperature data has shown non-uniform trends in
the seasonal temperature change: air temperature
has increased faster in winter than in summer in
northern mid- and high latitudes. Xia and others
(2014) state that predicting the effects of non-uni-
form warming on ecosystems (for example, carbon
cycling) is currently not possible because existing
temperature experiments have manipulated mostly
continuous or uniform warming. However, there
are indications that warming does not affect
ecosystem processes equally within a growing sea-
son. Evidence suggests that ecosystem processes are
stimulated by warming particularly during cooler
parts of the growing season but not during warmer
and water-limited periods (De Boeck and others
2007; Fay and others 2011; Hoeppner and Dukes
2012; Schuerings and others 2013). Warmer win-
ters with altered frost regimes can also shift plant
community composition (Joseph and Henry 2008;
Kreyling 2010; Kreyling and others 2010). Poten-
tial mechanisms include altered nutrient uptake
and productivity after increased freeze-thaw-cycles
(Kreyling and others 2010). Kreyling and others
(2011b) have shown that short-term fluctuations

in winter temperatures with increased freeze-
thaw-cycles have already induced long-term shifts
in species abundance distributions, with grasses
benefiting the most. Findings on effects of higher
temperatures in summer on community composi-
tion and functioning are controversial. When
experimental warming induces moisture stress or
coincides with drought, plant biomass and photo-
synthesis decrease (De Boeck and others 2008;
Kardol and others 2010; Cantarel and others 2013).
Hoeppner and Dukes (2012) found that forb biomass
was increased under warming with ambient pre-
cipitation conditions but decreased with a combi-
nation of warming and doubled precipitation.

Climate change experiments that incorporate
variability and extremes in addition to changes in
either mean climatic conditions or the timing of
climatic extremes are rare (Jentsch and others
2007; Knapp and others 2008; Thompson and
others 2013; Xia and others 2014). Particularly, the
interplay between factors such as warming and
intra-annual precipitation variability may alter
impacts on vegetation performance and may create
threshold changes in ecosystem structure (Kreyling
2010; Fay and others 2011). The few existing
multi-factor climate change experiments generally
imply that combined effects are not pre-
dictable based on the response to single drivers
(Shaw and others 2002; Larsen and others 2011;
Dieleman and others 2012). Species respond dif-
ferently to changing resources, temperature or
disturbance regimes, which can lead to shifts in
species dominance and composition (Sternberg and
others 1999). These changes in plant community
composition and diversity could buffer or alter
ecosystem structure and functioning, especially in
regard to the interaction of climatic trends and
extreme weather events (Kardol and others 2010).
Therefore, studies examining ecosystem responses
to multiple, interacting climatic drivers and to their
variation in timing are needed to better understand
underlying processes (Hoeppner and Dukes 2012;
Wilcox and others 2015).

Here, we experimentally study the consequences
of increased precipitation variability by manipu-
lating drought and intense rainfall events early or
late in the growing season, jointly with the conse-
quences of non-uniform warming on productivity
and composition of a semi-natural, mesic temper-
ate grassland. We focus on mesic temperate grass-
land because mesic ecosystems are expected to be
particularly susceptible to more extreme precipita-
tion regimes (Knapp and others 2008).
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Our hypotheses for semi-natural, mesic temper-
ate grassland are:

1. Increased intra-annual precipitation variability
decreases aboveground productivity and chan-
ges the community composition of mesic tem-
perate grassland favouring forbs over grasses,
though this effect will differ with the timing of
drought periods due to varying climate sensi-
tivity with plant maturity.

2. Winter or summer warming determines changes
in aboveground productivity: higher winter
temperatures increase and higher summer
temperatures decrease the aboveground pro-
ductivity in mesic temperate grasslands.

3. Summer warming coinciding with increased
intra-annual precipitation variability decreases
grassland productivity and alters community
composition by favouring forbs over grasses due
to higher soil moisture stress induced by
warming coinciding with drought.

METHODS
Study Site

The study is part of the EVENT II experiment,
where precipitation patterns and warming were
experimentally modified. It was conducted in the
Ecological-Botanical Garden of the University of
Bayreuth, Germany (49°5519”N, 11°34’55"E,
365 m a.s.l.). The regional climate is characterized
as temperate and moderately continental with a
mean annual air temperature of 8.2°C and 724 mm
mean annual precipitation (1971-2000, data from
German Weather Service). The soil of the site is a
Gleysol (Glaser and others 2013). The homoge-
neous, loamy Ap horizon (42% sand, 43% silt,
15% clay) has a depth of 0.3 m followed by a
clayey Bg horizon. The groundwater table drops to
between —1.5 and —2.0 m during summer and can
reach up to —0.3 m in winter and after longer
rainfall periods. The main rooting zone is within
the upper 0.15 m, and hardly any roots penetrate
the Bg horizon. The mean pH of the topsoil is 4.1
(1 M KCl). Permanent wilting point is around 15
vol% soil moisture content. The experimental site
is a semi-natural grassland which has not been
ploughed for at least 20 years and not fertilized for
more than 20 years prior to the installation of the
experiment in 2008. Prior to the start of the EVENT
II experiment, the meadow was mown twice a year
for hay production. The grassland community is
dominated by tall grasses such as Alopecurus
pratensis L. (meadow foxtail) and Arrhenatherum

elatius (L.) P. Beauv. ex J. Presl & C. Presl (tall oat-
grass). The most common herb species are Cerastium
holosteoides Fr. (mouse ear chickweed) and Plantago
lanceolata 1. (ribwort plantain), and the most
abundant legume is Trifolium pratense L. (red clo-
ver). The meadow harbours on average 14 species
m 2. All species are C3 species.

Experimental Design

The field experiment was carried out in a two-fac-
torial design manipulating (1) intra-annual precipi-
tation variability (low, medium, high—with two
variants of high which included drought events
combined with intense rainfall either early or late in
the growing season) and (2) warming (ambient,
winter warming, summer warming). The design
consisted of 60 plots, each 1.5 m x 1.5 m in size,
with every factorial combination repeated five
times. To avoid interaction between plants across
plots, each plot was surrounded by plastic sheets
(ranging from 10 cm above to 20 cm below soil
surface) and the distance between each plot within
each precipitation treatment was 0.5 m. Within
each precipitation variability manipulation, warmed
and ambient plots were blocked and randomly as-
signed. The distance between each precipitation
variability manipulation block was at least 3 m.

Precipitation Variability

For the manipulation of the intra-annual precipi-
tation variability, the annual amount of precipita-
tion was kept constant among all precipitation
treatments for each given year since 2009
(Table S1), while the precipitation sums among
years varied. Within each given year, the precipi-
tation pattern in time was altered during the
growing season (April-September). Therefore, the
interannual precipitation (2009-2012) varied less
than under ambient weather conditions. The
overall increase in the annual amount of precipi-
tation matches the global climate models” projec-
tions for the twenty-first century for Northern
America and Northern and Central Europe (IPCC
2014).

The following treatments were implemented (see
also Table S1).

In the low precipitation variability treatment
(lowVar), the plots received at least the long-term
(1971-2000) precipitation sum per week by expo-
sure to ambient rainfall. If ambient rainfall was less
than the long-term average sum of the same week,
the missing amount of rainfall was added manu-
ally. If weekly rainfall exceeded the long-term sum,
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it was not subtracted from the next irrigation. The
precipitation amount of the low precipitation
variability treatment served as a reference amount
for all other treatments.

Plots of the medium precipitation variability
(medVar) remained under ambient precipitation
conditions except for additional irrigation adjust-
ments made to compensate for differences with
lowVar precipitation amounts at four different
times. These rainfall additions were also made for
the two high variability treatments, resulting in the
same annual amount of precipitation for all treat-
ments. Dates of irrigation adjustments in all treat-
ments were set to the day before and after spring
drought of highVar..,n,, the day after summer
drought of highVar,., and a day in the first week
of October close to the end of the growing season.

High precipitation variability was simulated by a
drought event early (highVare.u,) or late (high-
Varj,) in the growing season. The drought event
was always followed by an intense rainfall event.
The duration of the drought event was set to a
1000-year recurrence event calculated by Gumbel
statistics based on the 1961-2000 time series of a
local weather station (No. 04070). Drought was
defined as the number of consecutive days with less
than 1 mm daily precipitation. Accordingly, natu-
ral rainfall was excluded for 42 days using rainout
shelters. The rainout shelters were constructed
with steel frames (Hochtunnel, E&R Stolte GmbH,
Germany) and covered with transparent plastic
sheets (material: 0.2 mm polyethylene, SPR 5,
Hermann Meyer KG, Germany) during the drought
period that permitted nearly 90% penetration of
photosynthetically active radiation according to
tests prior to set-up. The plastic sheets started from
a height of 80 cm above the ground to allow near-
surface air exchange, which reduced microclimatic
artefacts, such as increased temperatures or re-
duced wind speed compared to closed rainout
shelters. Nevertheless, air temperature at 5 cm
above ground was on average 0.5 and 1.4°C higher
below the rainout shelters than outside during
spring and summer drought, respectively. The ex-
cluded amount of rainfall was applied in combi-
nation with the irrigation adjustment to the
reference amount at the end of the artificial
drought period as one intense rain event within 2
or 3 days.

We calculated the coefficient of variation CV
(=standard deviation/daily mean x 100) for pre-
cipitation and volumetric soil moisture to test
variability strength of the precipitation treatments
(Table 1). For all years, the intra-annual variability
of precipitation was altered, resulting in lowest

variability in lowVar, intermediate variability in
medVar and high variability in treatments which
included a spring drought (highVarc.n,) and sum-
mer drought (highVary,.). The change in precipi-
tation variability resulted in consistently altered soil
moisture variability except in years 2010 and 2011.
In 2010, CV of soil moisture in highVare,n, was
lower than in medVar. In 2011, soil moisture
variability of medVar was the same as in high-
Varlate~

Warming Manipulation

According to differing seasonal temperature change
observations and projections (IPCC 2014; Xia and
others 2014), warming manipulations were per-
formed either during the winter (October—-March)
or during summer (April-September) starting in
October 2009. Temperatures were increased using
overhead infrared heaters equipped with reflector
domes (IOT/90 250 W Elstein, Northeim, Ger-
many) at a height of 0.8 m, theoretically resulting
in 60 W plot™' (Table 2). Lamps were raised to 1 m
when tall grasses reached 80 cm. Plots not warmed
were equipped with dummy heaters. Air tempera-
ture within the canopy, which is the mix of heat
lost from the leaves and of the cooler air passing
across the plot, and soil temperature were mea-
sured. Both were significantly increased and indi-
cated effective warming. Air temperature within
the canopy at 5 cm above ground was raised on
average by 0.9°C in winter and by 1.3°C in summer
(Table 2). Soil temperature at —2 cm was raised by
1.5°C in winter and by 0.6°C in summer, respec-
tively. To avoid possible edge effects created by
temperature gradients with distance from the lamp,
all data collection took place in the centre of each
plot directly below the lamp. True canopy tem-
perature, which captures the full degree of infrared
warming, was not measured. However, this should
have been greater than the observed air tempera-
ture increase (compare LeCain and others 2015).

Data Collection

Volumetric Soil Moisture Content, Soil Temperature and
Air Temperature

Volumetric soil moisture content was logged every
hour wusing frequency domain (FD)-sensors
(ECH,0O, Decagon devices, Pullman, USA). The
loggers were installed in undisturbed soil in the
main rooting zone (—2 to —7 c¢m) in all plots. The
volumetric soil moisture data for each treatment
are based on the average of measurements in all
five repetitions except when missing data occurred
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Table 1. Coefficient of Variation (CV) of Daily Precipitation Amounts and Soil Moisture

Year Precipitation variability
Low Medium Higheany Highj,e
CV precipitation 2008 177 188 197 199
2009 201 243 277 299
2010 231 269 306 295
2011 219 251 353 401
2012 192 234 334 285
All 207 244 308 318
CV soil moisture 2008 20 29 37 42
2009 24 26 30 29
2010 21 31 26 32
2011 28 32 40 32
2012 37 45 48 53
All 30 37 40 40

due to sensor or logger errors (Figure S1). Soil
temperature (—2 cm) and air temperature (+5 cm)
were measured hourly in one warmed and one
ambient plot per precipitation variability treatment
by thermistors (B57863-106 S302-F40, EPCOS AG,
Miinchen, Germany). We calculated the coefficient
of variation (CV) for air and soil temperature to test
for differences in temperature variability between
summer and winter as well as between warming
treatment and ambient temperatures (Table 2). For
this calculation, temperature data were transferred
into Kelvin to avoid interference caused by divi-
sions by a mean temperature closer to zero.

Aboveground Biomass

For aboveground biomass, harvests of the grassland
took place twice every year (at the end of the early
drought treatment in June and at the end of the
growing season in September), resembling local
agricultural routines for extensively used grassland.
For every harvest, a steel frame (0.1 mz) was ran-
domly placed twice in the central part of each plot,
so that two samples of plant material were taken
per plot. All aboveground standing plant material
was cut 3 cm above soil surface within the steel
frame. One sample of plant material was sorted to
functional groups—grasses, forbs and legume-
s—and the other was sorted to species. All plant
material was dried to a constant weight at 60°C and
then weighed (Ohaus NavigatorTM, Ohaus Cor-
poration, Parsippany, USA; accuracy £0.01 g). For
aboveground net primary productivity of species
(ANPPg,), the species biomass of both harvests
within every year was summed per species and
plot. For aboveground net primary productivity of
functional groups (ANPPgg), biomass of the func-
tional group samples of every plot and of both

harvests within a year were added to the biomass of
species belonging to this functional group. Total
aboveground net primary productivity (ANPP) is
the sum of biomass for all plant samples within one
plot for each year based on sampling 0.2 m?>.

Evenness and Richness

The evenness of plant species biomass was calcu-
lated using the Pielou’s evenness index (J) for each
plot and year: J = H/In(S) where S is the species
richness (number of species in the community) and
H is the Shannon diversity (H=—>_p; x In(p))
where p; is the biomass of each species). J is con-
strained between 0 and 1, and it decreases with
increasing variation between species biomass in the
community. Additionally, we calculated the Pie-
lou’s evenness to determine functional group
evenness per plot using ANPPgg; instead of
ANPPg ...

Statistical Analyses

We performed linear mixed effect models in com-
bination with analyses of variance (ANOVA) to test
for effects of altered precipitation variability and
warming manipulation and their respective inter-
action on the response variables. The model was
simplified by using precipitation variability and
warming manipulation as fixed factors if no sig-
nificant interaction was found. The split-plot design
was taken into account by adding repetition (which
accounts for blocking the warming treatments
within the rainfall variability treatments) as a
random factor in the model (Faraway 2006). Pre-
analyses with year as a fixed factor showed no
significant interacting effects of precipitation vari-
ability and warming on all response parameters.



Table 2. Mean Air (+5 cm) and Soil (—2 cm) Temperatures (°C), and Coefficient of Variation of Temperatures (CV; based on temperature data in
K) in Warmed and Not Warmed (ambient) Grassland Plots for Summers and Winters (2010-2012) and the Respective Temperature Change Due to

Warming

CV warming Dates

CV ambient

Temperature
change (°C)

Warming mean

Ambient mean

Year

Season

temperature (°C)

temperature (°C)

09-April-2010-04-October-2010

1.4
1.2
1.6
1.8
1.6
1.5
1.3
1.1

1.5
1.2
1.6
1.7
1.4
1.3
1.4
1.2
1.5
1.3
1.3
1.0

0.8

154+ 04
17.5 £ 0.3
18.0 £ 0.4
23+04
4.0 £ 0.3
3.8£0.3
15.0 + 04
16.7 £ 0.2
16.9 + 0.3
3.9+ 0.3
45+ 0.3
43 £0.3

14.5 + 0.5
16.0 £ 0.3
164 £ 04

2010

Summer

Air temperature

09-April-2011-11-October-2011

1.5
1.6
0.6

2011

Summer

06-April-2012-11-October-2012

2012

Summer
Winter
Winter
Winter

16-October-2009-08-April-2010
10-October-2010-08-April-2011
12-October-2011-05-April-2012
09-April-2010-04-October-2010

1.7+ 04
3.0+ 0.3
25+0.3
143 + 04
16.0 £ 0.3
16.3 £ 0.3
2.8+ 0.3
3.0+ 0.3
22 4+0.2

2009/2010
2010/2011
2011/2012

2010

1.0
1.3
0.7
0.7

Summer

Soil temperature

09-April-2011-11-October-2011

2011

Summer

06-April-2012-11-October-2012

1.5
1.4
1.5
1.2

0.6

2012

Summer
Winter
Winter
Winter

16-October-2009-08-April-2010
10-October-2010-08-April-2011
12-October-2011-05-April-2012

1.1

2009/2010
2010/2011
2011/2012

1.5
2.1

Given are mean seasonal temperature values and standard errors.
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Figure 1. Aboveground net primary productivity

(ANPP) for (A) altered intra-annual precipitation vari-
ability (low, medium, high including early drought and
intense rainfall events, and high including late drought
and rainfall events) and (B) warming treatment (ambi-
ent, winter, summer): given are mean values of the years
2010-2012 and standard error; lower case letters mark
homogeneous groups according to post hoc tests; no
significant interaction between the precipitation vari-
ability and warming was found.

Therefore, year was added to the model as a ran-
dom factor to take repeated measures into account.
Residual versus fitted plots and plots showing
sample quantiles versus theoretical quantiles based
on the model were checked for homogenous vari-
ance and normal distribution of residuals to vali-
date the linear mixed effect models (Faraway
2006). If conditions of normality were not met or if
data required an improved homogeneity of vari-
ance, data were transformed using log or square
root. In all tests, the level of significance was set to
p = 0.05. All statistical analyses were performed
using the statistical software R 2.4.1 (R Develop-
ment Core Team 2006). For linear mixed effect
models and multiple post hoc comparisons, the
software package ‘““lmed4” version 0.9975-13 and
“multcomp”” version 0.992-1 were used, respec-
tively. In the results, we give degrees of freedom
(df) in parentheses after the F value in the follow-
ing notation: F(df) except for post hoc comparisons
where no F values and df were produced.

RESULTS

Effects of Increased Rainfall Variability
and Warming on Aboveground Net
Primary Productivity

Alteration of intra-annual precipitation variability
led to significant changes in the aboveground net
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primary productivity (ANPP) of grassland commu-
nities [F(3) = 9.9, p < 0.001, Figure 1A]. Over the
5-year study period, ANPP in the low precipitation
variability treatment (lowVar) was higher than
ANPP in all other, more variable, precipitation
patterns [F(3) = 14.5, p < 0.001].

The warming treatment significantly altered the
aboveground net primary productivity of grassland
communities [F(1) = 6.2, p = 0.014]: higher tem-
peratures in winter led to higher biomass produc-
tion by about 12% (p < 0.001, Figure 1B),
whereas summer warming did not significantly
increase biomass (p = 0.237) compared to ambient
conditions.

The effects of altered precipitation variability and
warming on ANPP were independent from each
other [F(6) = 2.0, p = 0.065].

>
w

800

600 b b b

=
400
200 [ i

ab

Grass ANPP (g/m?)

150 b a b
100 [ a ab _I_ T ab

1 ’—I—‘
50 [ -
20 n.s.
15 ab + L
10 b b -

low medium highggy, highiee ambient winter summer

Forb ANPP (g/m?)

Legume ANPP (g/m?)

Precipitation variability Warming

Figure 2. Aboveground net primary productivity
(ANPP) of the functional groups grasses, forbs and le-
gumes for (A) the intra-annual precipitation variability
treatments (low, medium, high including early drought
and intense rainfall events, and high including late
drought and heavy rain events) and (B) the warming
treatment (ambient, winter, summer); given are mean
values of the years 2010-2012 and standard errors; lower
case letters mark homogenous groups according to post
hoc tests; ns no significant difference between groups; no
significant interaction between the precipitation vari-
ability and warming treatments was found.

Effects of Altered Precipitation
Variability and Warming on the
Performance of Grasses, Forbs and
Legumes

We found changes in the ANPP of all functional
groups—grasses, forbs and legumes—due to altered
precipitation variability (Figure 2A): ANPP of
grasses was decreased both by highVarc.n, (—35%,
p < 0.001) and highVare (—32%, p < 0.001)
compared to lowVar. ANPP of forbs in highVare.y
was increased by 55% (p = 0.038) compared to
lowVar. Additionally, ANPP of legumes was re-
duced by both, highVar..;, and highVar,,, com-
pared to medVar (p = 0.039 and p = 0.026) but not
compared to lowVar.

Warming effects on the aboveground net pri-
mary productivity of functional groups differed
between the seasons of warming (Figure 2B). Forb
biomass was on average 18% higher in winter-
warmed grassland compared to summer-warmed
grassland (p = 0.015). Grasses and legumes showed
no significant response to the warming treatments
[grasses: F(2) = 0.8, p = 0.400, legumes: F(2) = 2.2,
p = 0.114]. There was no significant interaction
between altered rainfall pattern and warming on
ANPP of the three functional groups [grasses:
F(6) = 1.8 p = 0.100, forbs: F(6) = 1.6, p =0.152,
legumes: F(6) = 2.0, p = 0.071].

Effects of Altered Precipitation
Variability and Warming on Species
Richness, Functional Group Evenness
and Species Evenness

Species richness was not altered by changing intra-
annual precipitation variability [F(3) = 1.8,
p = 0.142, Figure 3A]. However, altered precipita-
tion variability affected functional group evenness
[F(3) =4.1, p=0.008, Figure 3C]. Functional
groups were less variable when the grassland was
exposed to highVare,;, compared to lowVar
(p = 0.028). Species evenness responded differently
to altered precipitation variability compared to
functional group evenness [F(3) = 6.0 p = 0.001,
Figure 3E]. Species evenness in medVar and high-
Vareany precipitation variability treatment was not
different from lowVar. However, species evenness
was decreased by highVar,. (p < 0.001).
Warming led to differences in species richness
[F(2) = 13.9, p < 0.001, Figure 3B]. Summer-
warmed grassland had two species less compared to
ambient or winter-warmed grassland (both
p < 0.001). No differences in species richness were
found in the 2 years before the warming treatment
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Figure 3. Species richness (A, B), functional group (C,
D) and species (E, F) evenness in the manipulated
grassland for the intra-annual precipitation variability
treatments (low, medium, high including early drought
and intense rainfall events, and high including late
drought and heavy rain events) and the warming treat-
ment (ambient, winter, summer); given are mean values
of the years 2010-2012 and standard error; lower case
letters mark homogenous groups according to post hoc
tests; ns no significant difference between groups; no
significant interaction between the precipitation vari-
ability and warming was found for species richness and
functional group evenness; for interactive effects of pre-
cipitation variability and warming treatment on species
evenness see Figure 4.

started. Furthermore, warming affected the func-
tional group evenness [F(2) = 3.9, p = 0.021, Fig-
ure 3D] and species evenness [F(2) = 6.5
p = 0.002, Figure 3F]. For both functional groups
and species, evenness was increased by winter
warming compared to summer warming (Figure 3
D, F).

There was no interaction between precipitation
variability and warming on species richness

[F(6) = 1.2, p = 0.285]. An interaction was found
for functional group evenness [F(6) = 2.2,
p = 0.049]: functional group variability was lower
in winter-warmed grassland under medium pre-
cipitation variability = compared to lowVar
(» < 0.010). Precipitation variability and warming
also had interactive effects on species evenness
[F(6) = 4.8, p < 0.001, Figure 4]: in summer-
warmed grassland, species evenness was highest
under low precipitation variability.

DiscussioN

Effects of Altered Intra-Annual
Precipitation Variability on Aboveground
Net Primary Productivity

We found that increased intra-annual precipitation
variability decreased aboveground productivity in
this mesic temperate grassland. The main reason for
the decrease in ANPP seems to be the amplified
fluctuation in plant water availability in the high
precipitation variability treatments. This effect was
corroborated by the CV of soil moisture content.
The length and occurrence of plant water stress was
enhanced due to the larger intervals between the
rainfall events in the high variability treatments
which included a spring drought (highVare,.y) or a
summer drought (highVar,.). Comparably, the
continuous water supply in the lowVar treatment
reduced the soil moisture variability. The observed
soil moisture change also confirmed the proposi-
tion by Knapp and others (2008) that the usually
moist soils of mesic ecosystems will experience
greater drying by the extreme changes in precipi-
tation regime. As a consequence, plants of these
mesic systems, which are adapted to sufficient
rainfall throughout the year and to infrequent
drought stress, will be increasingly stressed. The
observed reduction of aboveground productivity in
combination with stomatal regulations is a possible
mechanism to save water under drought stress (De
Boeck and others 2006). Furthermore, Fay and
others (2011) suggested that their observed
reduction in ANPP might be an indicator for lower
ecosystem rainfall use efficiency due to the in-
creased intra-annual soil moisture variability. Our
finding of a decrease in aboveground net primary
productivity due to increased intra-annual rainfall
variability is comparable to other studies. For in-
stance, Knapp and others (2002) and Fay and
others (2003, 2011) found reductions in ANPP of a
temperate grassland ecosystem when the intervals
between natural rain events were extended by
50% and the collected and stored rain falling dur-
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ing these intervals was reapplied as single large
events.

Effects of Altered Intra-Annual
Precipitation Variability on Grassland
Composition

Forbs benefited from high intra-annual precipita-
tion variability characterized by a spring drought
event (highVare,y), whereas grass biomass de-
creased. Likely reasons for this varying behaviour
of plant functional types to altered precipitation
patterns are different plant adaptation strategies
and growth forms, such as rhizomatous root
structure, leaf structure and bud position, but also a
different timing of phenological stages (Sternberg
and others 1999; Kammer 2002). Here, soil mois-
ture variability was increased. Therefore, grasses
with shallow and fibrous roots, which are usually
concentrated in the upper part of soil profiles, are
more vulnerable to drought-related soil moisture
variability when compared to deep-rooted plants
for example, tap-rooted forbs (Fay and others 2003;
Morecroft and others 2004). The deeper root dis-
tribution of forbs is beneficial to access deeper, less
temporally variable soil water supplies and thus
may explain why forb biomass did not decrease in
this study (Fay and others 2003). Thus, root
structures adapted to effectively exploit water un-
der changing environmental conditions exhibited

summer

by forb species are useful when drought or en-
hanced rainfalls occur.

The increase of forb biomass in the face of higher
intra-annual precipitation variability may be lar-
gely driven by the observed reduction in the
dominant grasses, shifting the competitive balance
among the plants of the community (Grant and
others 2014b). Dominance shifts were also re-
corded in other studies where dominant species
were less drought tolerant than subdominant spe-
cies (Hillebrand and others 2008; Stampfli and
Zeiter 2008; Kardol and others 2010). The shifts in
the community composition visible in the alter-
ation of grass and forb biomass were supported by
the alteration of functional group evenness due to
altered precipitation variability. With an increase of
forbs and a decrease of grasses, the functional
groups became more evenly distributed within the
community. Kardol and others (2010) found
higher evenness in their dry relative to their wet
treatment after changes in the dominance structure
of the community. High evenness including high
trait variance causes better adaptive capacity and is
ecologically important in order to sustain long-term
productivity in changing environments (Norberg
and others 2001; Hillebrand and others 2008).
Consistent with this general assumption, the
highVar,, treatment in our study showed reduced
functional evenness and decreased productivity
under increased precipitation variability. A trend of
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similar direction for highVare,, was not signifi-
cant, however. Hillebrand and others (2008) state
that a reduction in evenness might cause problems
as synergistic plant-plant interactions collapse
when the community pattern shifts towards the
dominance of one species. Hence, the increase of
evenness under early drought events might be
beneficial to adapt to further drought events.
Moreover, the increased functional group evenness
but unchanged species richness at highVare,my
indicates that a former subdominant forb species
likely increased its biomass in the same amount as
the formerly dominant grass species lost its bio-
mass.

Importance of Seasonality of Climatic
Extremes for Productivity and
Composition of Grassland Communities

Seasonality of the climatic extremes, here spring
versus summer drought, in the high precipitation
variability treatments was not important for de-
creases in total ANPP. In both treatments, total
ANPP was equally reduced. This effect is connected
with the response of the dominant functional
group: ANPP of grasses was reduced by both the
high precipitation variability with spring or sum-
mer drought events. The higher soil moisture
variability with increased precipitation variability
was probably the main driver for the grass species
response, though not for the other functional
groups as forbs and legumes showed no reductions
in productivity in the face of high precipitation
variability. However, the increase of forb produc-
tivity only in highVar.,., indicates that other fac-
tors were likely generating this different response
besides higher soil moisture variability. Forbs likely
benefitted due to reduced competitive pressure as
water stressed grasses were reduced in biomass
(Grant and others 2014b). This shift in plant-plant
interaction likely facilitated the expression of dif-
ferent traits such as varying germination phenol-
ogy, seedling emergences, reproduction strategies
and success, timing of resource uptake and drought
tolerances (Kammer 2002; Fay and others 2003;
Stampfli and Zeiter 2008; Craine and others 2010).

Furthermore, only the treatment with the late
summer drought event decreased species evenness
especially in combination with higher tempera-
tures. Higher temperatures coinciding with reduced
rainfall and increased transpirational demand from
the high canopy can cause a gap between soil
moisture supply and evaporation demand resulting
in performance losses (Knapp and others 2002).
The decrease of evenness due to higher precipita-

tion variability with late summer droughts was
found on the species level, but not on the func-
tional group level. This indicated that species
identity, not functional group, was more important
for this response. Thus, competitive ability and
stress tolerance of single species were likely deter-
mining the response in the face higher precipitation
variability with late occurring drought events. Re-
duced species evenness is seen to be responsible for
a decrease of the temporal stability of communities
(Hillebrand and others 2008; Isbell and others
2009). Therefore, this finding could also indicate
higher risks under late drought events. Addition-
ally, Orwin and others (2014) showed that species
evenness was important for multiple ecosystem
functions (for example, plant biomass production,
ecosystem gas exchange, water retention, leaching
of DOC and N). Thus, the reduced species evenness
due to high precipitation variability with late
summer drought events (highVary,) might indi-
cate that grassland functions beyond productivity
were affected.

These findings highlight the importance to
examine the intra-annual timescales of precipita-
tion and climatic extremes for productivity and
community composition of grassland. This is fur-
ther supported by a recent study by Le Pierre and
others (2016), who found that precipitation period
rather than total annual precipitation played the
dominant role in driving temporal variation in
ANPP of grassland at both the semi-arid and mesic
ends of the precipitation gradient of the US Central
Great Plains.

Effects of Winter and Summer Warming
on ANPP

The separation of winter and summer warming
revealed that the non-uniform warming is impor-
tant for changes in aboveground productivity. Total
ANPP increased only in response to higher winter
temperatures. The increased winter temperatures
likely caused an extension of the growing season by
advancing canopy green-up in spring, changing
plant phenology (earlier timing of bud-break,
flowering and later leaf senescence) and stimulat-
ing productivity at the same time (Rustad and
others 2001; Fay and others 2011). The increase in
ANPP due to winter warming in our study is
comparable to findings of Hutchison and Henry
(2010) and Schuerings and others (2013). They
showed that a warmer winter initiated an earlier
start to the growing season which was primarily
responsible for the positive overall effect of warm-
ing on plant productivity. Temperature variability
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increased with winter warming (not with summer
warming, see Table 2). This is because winter
warming reduced the insulating snow cover, lead-
ing to increased temperature variability (Kreyling
2010). In our case, this increased temperature
variability did not reduce aboveground plant
growth due to frost damage, an effect reported for
colder climates (Bokhorst and others 2009).

We hypothesized a decrease in ANPP by summer
warming as several studies found decreased plant
productivity due to warming which coincided with
lower soil water content (De Boeck and others
2007; Hoeppner and Dukes 2012). The realized
temperature increases (air: 1.3 K, soil: 0.6 K) were
likely not severe enough to cause severe soil water
stress. Thus, the grassland ANPP was resistant to
the manipulated summer warming.

Effects of Winter and Summer Warming
on Grassland Community Composition

Here, non-uniform warming led to opposite effects
of winter versus summer warming on species and
functional group evenness. Higher temperature in
winter increased forb biomass compared to summer
warming and contributed to the higher total ANPP
in the winter warming treatment. Unusually warm
temperatures in spring can affect the growth and
biomass of subdominant forb species in temperate
grasslands, likely due to changed competitive
pressure by the dominant species (Kammer 2002).
This is in accordance with Dostdlek and Frantik
(2011) and Sternberg and others (1999) who found
that grass cover decreases if higher temperatures
during winter cause early spring drought, thereby
enabling the colonization and establishment of
other species in the newly formed gaps in the
sward. However, we did not observe short-term
drought events caused by the winter warming and
grass biomass was also not altered by winter
warming. Therefore, the advantage of forbs was
likely caused by other non-biomass-density-related
factors. Here, higher winter temperatures reduced
snow cover and increased temperature variability.
Short-term fluctuations in winter temperature,
which also caused shifts in community composition
in a study by Kreyling and others (2011b), could be
responsible for the increase of forb productivity.
Winter hardiness of herbaceous plants is generally
determined by vegetative rather than reproductive
structures (Simkanas and others 2013). Differences
in vegetative anatomy might therefore have re-
sulted in varying frost effects on grasses and forbs.
Similar to the response observed of the soil mois-
ture variability, the root morphology and root

exposure to soil temperature variability in the up-
per soil layer could be decisive for the advantage of
forbs under winter warming.

Furthermore, species richness was reduced by
summer warming indicating that some species
were not able to cope with the higher tempera-
tures. The lack of ANPP response in all functional
groups to summer warming together with a slight
decrease of evenness suggested that some sub-
dominant species must have been lost.

Interactive Effects of Altered Intra-
Annual Precipitation Variability and
Summer Warming on Grassland
Composition

In this study, precipitation variability and warming
effects were additive. This is contrary to findings by
Hoeppner and Dukes (2012) who showed that
ANPP of forbs was increased due to warming under
ambient weather conditions at their experimental
site, though decreased in combination with wet
conditions (+50% precipitation during growing
season). However, we found that species evenness
was decreased when summer warming coincided
with increased precipitation variability. Thus,
whereas warmer and more humid, low variability
weather conditions favoured an even distribution
of species, the higher variance in species under
summer warming and high precipitation variability
probably promoted the establishment of specialized
plant species which tolerate more infrequent, larger
precipitation events and quickly adapt to variable
precipitation patterns. Given the call for more
complex scenarios including interactions between
different climatic parameters (Kreyling and Beier
2013), and the non-additive results obtained in the
few multi-factor climate change experiments
(Shaw and others 2002; Larsen and others 2011;
Dieleman and others 2012; Hoeppner and Dukes
2012), our results indicating largely additive effects
of precipitation variability and non-uniform
warming are quite remarkable.

Higher Variability of Resources in Other
Regions and Ecosystems

This study represents a mesic temperate grassland
in Europe, and our findings on its response to intra-
annual precipitation variability and non-uniform
warming cannot be universally applied to all other
temperate regions worldwide due to differences in
soil characteristics, plant composition (C3/C4
grasses, shrubs), and climate and management
history. However, our findings agree with the
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concept introduced by Knapp and others (2008)
that mesic ecosystems may be particularly suscep-
tible to more extreme precipitation regimes. Con-
ceptual differences in the response to more extreme
precipitation variability have been stated for xeric,
mesic and hydric systems (Knapp and others 2008;
Sala and others 2015). Sala and others (2015)
simulated water losses and soil-water availability
for mesic and xeric sites under increased precipi-
tation variability using a process-based ecosystem
model. They found that soil water availability de-
creased in mesic sites in contrast to xeric sites due
to enhanced precipitation variability. Furthermore,
findings of Heisler-White and others (2008, 2009)
confirm this assumption for grasslands as they
found a 30% increase in aboveground net primary
productivity (ANPP) in a semi-arid steppe but a
18% reduction in ANPP in a mesic tallgrass prairie
due to increased precipitation variability. Further-
more, Gerten and others (2008) showed that net
primary productivity at hydric sides was least
responsive to any change in precipitation compared
to xeric or mesic sites. Recently, Smith and others
(2016) showed that increased precipitation vari-
ability favoured deep-rooted, non-N-fixing forbs at
the expense of C4 grasses and N-fixing forbs in a
less mesic, restored tallgrass prairie probably due to
a shortened period of critically low soil moisture
and wetter soils. Furthermore, they found that in-
creased precipitation variability in combination
with nitrogen addition favoured species with a high
resource use strategy and decreased species even-
ness and diversity.

Thus, differences in the response of other
ecosystems (xeric, hydric) to precipitation vari-
ability but also to temperature or nutrient vari-
ability can be expected. However, our findings on
the response of mesic grassland to intra-annual
precipitation variability and non-uniform warming
revealed the influence of higher variability of re-
sources on ecosystems due to climate change.

CONCLUSION

Timing of climatic events, here winter versus
summer warming and early versus late drought
events in the high precipitation variability treat-
ments, was important for productivity and com-
munity composition of European mesic, temperate
grassland. Both high precipitation variability treat-
ments decreased total ANPP compared to low pre-
cipitation variability, but only one (highVar.y)
changed the functional composition of the grass-
land. Furthermore, the opposite shifts in grassland
functional composition to summer and winter

warming emphasize the ecological importance of
the non-uniformity of climate warming. Here, high
precipitation variability with a drought event early
in the growing season favoured the forb species,
and these effects were additive. The observed shift
in species composition can have indirect conse-
quences for other ecosystem processes across mul-
tiple trophic levels. Beside altered biotic
interactions due to dominance shifts, changes in
community composition are able to cause alter-
ation in the forage values (Grant and others
2014a), and consequently nutrient cycling, of these
managed grasslands. Therefore, climate change
experiments should recognize the seasonality and
timing of climatic factors depending on the pro-
jections of their study region because their eco-
logical effects might be divergent. Neglecting the
timing and intensity of climatic factors might hide
underlying processes which are important to our
understanding of ecosystems’ responses to climate
change. Recognition of increased variability of re-
sources, including seasonality and non-uniformity
of climatic or biotic factors, will improve predic-
tions of plant performance and biotic interactions
in response to climate change.
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