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Abstract

Functional traits are proxies for plant physiology and performance, which do not
only differ between species but also within species. In this work, we hypothesized
that (a) with increasing precipitation, the percentage of focal species which signifi-
cantly respond to changes in grazing intensity increases, while under dry conditions,
climate-induced stress is so high that plant species hardly respond to any changes
in grazing intensity and that (b) the magnitude with which species change their trait
values in response to grazing, reflected by coefficients of variation (CVs), increases
with increasing precipitation. Chosen plant traits were canopy height, plant width,
specific leaf area (SLA), chlorophyll fluorescence, performance index, stomatal pore
area index (SPI), and individual aboveground biomass of 15 species along a precipi-
tation gradient with different grazing intensities in Mongolian rangelands. We used
linear models for each trait to assess whether the percentage of species that respond
to grazing changes along the precipitation gradient. To test the second hypothesis,
we assessed the magnitude of intraspecific trait variability (ITV) response to grazing,
per species, trait, and precipitation level by calculating CVs across the different graz-
ing intensities. ITV was most prominent for SLA and SPI under highest precipitation,
confirming our first hypothesis. Accordingly, CVs of canopy height, SPI, and SLA in-
creased with increasing precipitation, partly confirming our second hypothesis. CVs
of the species over all traits increased with increasing precipitation only for three
species. This study shows that it remains challenging to predict how plant perfor-
mance will shift under changing environmental conditions based on their traits alone.
In this context, the implications for the use of community-weighted mean trait values
are discussed, as not only species abundances change in response to changing en-
vironmental conditions, but also values of traits considerably change. Including this
aspect in further studies will improve our understanding of processes acting within

and among communities.
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1 | INTRODUCTION

About 40% of the terrestrial surface is covered by grasslands
(Steinfeld et al., 2006; White, Rohweder, & Murray, 2000), which
play a crucial role in carbon sequestration, forage production for
livestock, and the provision of several other ecosystem services
(Rolinski et al., 2015). One important type of grasslands is steppes,
especially of temperate Eurasia, ranging from southeastern Europe
in the West almost to the Pacific Ocean in the East (Lavrenko,
Karamysheva, & Nikulina, 1991; Walter & Breckle, 1994). Next to
climate, grazing is one of the main drivers of change in steppe grass-
lands, affecting morphology and physiology of plants, thereby in-
fluencing vegetation composition and the structure and functioning
of these ecosystems (Batsaikhan et al., 2014; Wesche et al., 2016;
Zheng et al., 2010). Since the late 20th century, animal husbandry
and therefore grazing pressure have increased dramatically in sev-
eral countries due to the privatization of state-owned cooperatives
(Janzen & Bazargur, 2003; Zemmrich, 2006). Land-use may interact
with global climate change, because grasslands are highly influenced
by changing climate conditions. In arid systems, moisture availabil-
ity is the main factor limiting vegetation growth and production
(Wesche, 2007). Several studies in rangelands focusing on the influ-
ence of different climatic conditions in combination with land-use in-
tensity predict that grazing responses of plants differ with changing
climates (de Bello, Leps, & Sebastia, 2006; Christensen, Coughenour,
Ellis, & Chen, 2004; Diaz et al., 2007; Quiroga, Golluscio, Blanco, &
Fernandez, 2010; Ruppert et al., 2015). Previous studies of grazing
effects have mainly concentrated on the consequences of species
turnover in changing community structure and ecosystem function
(Ahlborn et al., in revision; Diaz et al., 2004; Grime, 2006; Hooper et
al., 2005). Another important factor is the effect of intraspecific trait
variability (ITV) of plants, as plant species are typically able to accli-
mate to changing environmental conditions before they are replaced
by other species (Ellenberg, 1996). However, the relevance of ITV has
been examined only recently and in most cases from the perspective
of community assembly (Jung, Violle, Mondy, Hoffmann, & Muller,
2010; Siefert et al., 2015). Several studies deal with species-specific
trait changes, reflected in both phenotypic responses of individual
plants and genotypic differentiation determined by grazing (Mason,
Bello, Dolezal, & Leps$, 2011; Miinzbergova, Hadincova, Skalova, &
Vandvik, 2017; Véller, Bossdorf, Prati, & Auge, 2017).

Grassland plants often reduce size under regular grazing (Diaz
et al, 2007), increase biomass allocation to vegetative organs
(Niu, Choler, Zhao, & Du, 2009), increase belowground growth
(Lopez-Marsico, Altesor, Oyarzabal, Baldassini, & Paruelo, 2015;
Oesterheld, 1992), and enhance foliar nutrient accumulation (Bai et
al., 2012). These patterns of ITV caused by different grazing inten-
sities are typically found before species turnover within the plant
community takes place (Volf et al., 2016). This is particularly relevant
for grasslands with mainly perennial species where grazing can have
relatively small effects on species relative abundance or occurrence
in the short term (de Bello, Leps, & Sebastia, 2007; Cingolani, Posse,
& Collantes, 2005; Volf et al., 2016). Previous studies have typically
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assumed that ITV is small compared to interspecific variation (Kraft,
Cornwell, Webb, & Ackerly, 2007), while a number of recent publica-
tions have emphasized that ITV is important for plant community as-
sembly and ecosystem functioning (Siefert et al., 2015; Violle et al.,
2012). Due to species responses to environmental changes, ITV may
also contribute strongly to changes in community mean trait values
(Jung et al., 2010; Leps, Bello, Smilauer, & Dolezal, 2011). Patterns
of species responses to environmental changes and their impact on
their environment in terms of changing ecosystem services are sup-
posedly influenced by ITV (Albert et al., 2010), but the magnitude
of the effect is mostly unclear because in most studies species are
described by mean trait values without any consideration of ITV.
However, few studies revealed the influence of abiotic environmen-
tal factors on grazing-induced ITV. Zheng et al. (2011), for instance,
analyzed trait responses of two steppe species in response to graz-
ing in 2 years with different precipitation, and they found that the
magnitude of trait change for each species was greater in a wet year
thanin a dry year.

Until now, only a few of the recent studies in the Mongolian
rangelands quantified the combined effects of climate and land-use
on functional traits of single species (e.g., Liu et al., 2010; Zheng et
al., 2011). Thus, more knowledge is needed to understand the joint
effects of changes in climate and land-use on plant species reac-
tions in this region. Different studies already showed that changes
in biomass production are driven by changes in moisture availability
(Fernandez-Gimenez & Allen-Diaz, 1999; Miehe, Kluge, Wehrden, &
Retzer, 2010). However, only a handful multi-site analyses exist in
grasslands in general that include the interacting effect of grazing
intensity and moisture availability (Ahlborn et al., in revision; de Bello
et al., 2006; Wang et al., 2017). Studies covering both precipitation
and grazing gradients are necessary to understand and eventually
predict species-specific responses to grazing under changing cli-
matic conditions for the next decades.

In this study, we examined the effects of grazing on intraspe-
cific variability of plant functional traits in Mongolian rangelands.
Mongolia hosts the largest intact part of the Eurasian steppe
biome, and possibly one of the most impressive grasslands globally
(Batsaikhan et al., 2014). We investigated five grazing intensities at
fourteen sites along a precipitation gradient. We selected 15 focal
species and measured functional traits related to plant growth such
as canopy height, plant width, and biomass, which are highly influ-
enced by grazing and moisture availability (Table 1; An & Li, 2014;
Diaz et al., 2007). As a measure for plant performance in terms of
growth rate and photosynthesis, we investigated specific leaf area
(SLA), chlorophyll fluorescence (F,/F, Pl
ters (Table 1). SLA is related not only to the growth rate, but also to
the competitive strength of plants (An & Li, 2014; Zheng, Ren, Li,
& Lan, 2012). F /F,, and Pl serve as a proxy for photosynthesis

abs), and stomatal parame-

rate, species fitness (Bucher, Bernhardt-R6mermann, & Romermann,
2018), and water use efficiency (Sinclair, Zwieniecki, & Holbrook,
2008) and are thought to be negatively affected by abiotic and biotic
stresses (Maxwell & Johnson, 2000; Rémermann, Bucher, Hahn, &
Bernhardt-Rémermann, 2016; Zhao, Chen, Han, & Lin, 2009).
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Trait Abbreviation Unit Ecological significance
Canopy - cm Proxy for plant growth, competitive vigor
height (Pérez-Harguindeguy et al., 2013)
Plant width — cm Proxy for plant growth, competitive vigor
(Pérez-Harguindeguy et al., 2013)
Aboveground — g Proxy for competitive ability, fecundity
biomass (Weiher et al., 1999)
Specific leaf SLA mm?/mg Proxy for growth rate (Garnier & Shipley,
area 2001; Pérez-Harguindeguy et al., 2013)
Chlorophyll F/F., nondimensional Proxy for photosynthesis, plant fitness
fluorescence (Maxwell & Johnson, 2000)
Performance Pl nondimensional Proxy for sample vitality (Maxwell &
index Johnson, 2000)
Stomata size — pm Proxy for photosynthesis (Woodward,
Lake, & Quick, 2002)
Stomata — number/ mm? Proxy for photosynthesis (Woodward et
density al., 2002)
Stomatal pore  SPI nondimensional Proxy for leaf hydraulic conductance and

area index

photosynthesis (Sack et al., 2003)

TABLE 1 Overview of functional traits

measured and analyzed in this study as
well as their ecological significance

Specifically, this study analyses whether precipitation and
grazing intensity have a combined effect on the response of plant
species with respect to their trait values. First, we hypothesize
that (a) with increasing precipitation the percentage of focal spe-
cies which significantly respond to changes in grazing intensity
increases; while under dry conditions, climate-induced stress is so
high that plant species hardly respond to any changes in grazing
intensity. We tested this hypothesis by analyzing the proportion
of species responding to changes in grazing intensity in canopy

height, plant width, aboveground biomass, SLA, F /F_, Pl and

abs’
stomatal pore area index (SPI) along the precipitation gradient.
Second, we hypothesize that (b) the magnitude with which species
change their trait values in response to grazing, reflected by coef-
ficients of variation (CVs), increases with increasing precipitation.
We tested this hypothesis by analyzing the CVs per trait, species,

and precipitation level.

2 | MATERIAL AND METHODS

2.1 | Study sites

The Mongolian steppes are part of the dry and cold eastern Eurasian
grassland covering more than 10 million km? and are characterized
by a continental climate with low mean annual precipitation (MAP)
ranging from 100 to 300 mm (Wesche et al., 2016). The traditional
land-use system in Mongolia is nomadic pastoralism, which can
be seen as a strategy to buffer temporal variability in climate and
forage availability by utilizing spatial heterogeneity and moving to
less affected regions (Wesche & Treiber, 2012). Palynological evi-
dence implies that many steppe sites have not changed much in
the last millennia (Herzschuh, Tarasov, Wiinnemann, & Hartmann,
2004).

We chose Mongolia as our model system for three main reasons:
First, Central Asia is a dryland region with strong abiotic controls
on both plant distribution and performance. Potential effects of dif-
fering climate can thus easily be detected. Second, moisture avail-
ability is the main controlling factor and a pronounced precipitation
gradient facilitates conducting a gradient study with a reasonable
effort (Wesche & Treiber, 2012). Last, grazing is the single most im-
portant form of land-use (Zheng et al., 2010). Most of the precip-
itation (typically more than two-thirds of the annual mean) falls in
the relatively short growing season. This is also the warmest quarter
of the year (June to August). Winter precipitation is very low, and
usually, springs are also dry (Wesche & Treiber, 2012). Going from
the northern to the southern part of Mongolia, aridity increases
together with a steady decrease of MAP. In Mongolia, the zoning
of the vegetation corresponds rather well with the gradient of de-
creasing precipitation from the North to the South (van Staalduinen,
2005). Improvements during the last century in both well digging
and veterinarian maintenance have led to increased livestock num-
bers (Fernandez-Giménez et al., 2017). Almost 1.3 million km? of
the Mongolian grasslands are intensively grazed rangelands (Sneath,
1998; Wesche & Treiber, 2012). Nevertheless, Mongolian grass-
lands are still one of the most intact grazing systems in the world
(Batsaikhan et al., 2014). Therefore, the steppes of Mongolia served
as a perfect test bed for our study.

Fourteen study sites were selected along a 600 km precipi-
tation gradient in the steppes of Mongolia ranging from 105 to
250 mm MAP (Figure 1; Hijmans, Cameron, Parra, Jones, & Jarvis,
2005). At each site, we perpendicularly ran land-use intensity
transects, starting from traditionally intensively grazed areas to
areas with low intensity of grazing. Five plots (A, B, C, D, and
E) were established per site. Plot A was always close (50 m) to
grazing hotspots such as water sources or a nomadic camp and

therefore represented the highest grazing intensity. Plot B had a
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FIGURE 1 Map of the 14 study
sites according to the mean annual

precipitation and the coefficient of Russia

interannual rainfall variance (CV) in the T
Mongolian steppe as well as illustration of

the grazing gradient per site. The grazing China

gradient is represented by five plots in
different distances (50, 150, 350, 750,
1,500 m) to a grazing hotspot (=well or
traditional camp). Figure from Lang et al.
(2019), modified. Rainfall data derived
from Hijmans et al. (2005), values for
coefficient of interannual precipitation
variation from Wehrden et al. (2012)
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distance of 150 m, plot C 350 m, plot D 750 m, and plot E 1,500 m
to the nomadic camp or to the water source. Choice of distances
was based on previous successful studies in the region (Stumpp,
Wesche, Retzer, & Miehe, 2005). In total, we established 70 plots
(14 sites x 5 plots).

2.2 | Species and individual selection

Fifteen dominant species (Table 2) of the Mongolian steppe veg-
etation with high frequency and individual number were chosen
for plant functional trait measurements. The chosen species rep-
resent the main biomass producers along the precipitation gradi-
ent. The selection comprised mainly herbaceous perennial plants,
because all main forage plants utilized by livestock in Mongolia are
perennials (Jigjidsuren & Johnson, 2003). Species selection was
based on pre-analyses of existing vegetation data (Hilbig, 1995;
von Wehrden, Wesche, & Miehe, 2009). Among these 15 species,
three species had their main distribution in the southern desert
steppe, six occurred over the whole gradient, and six species had
highest abundances in the northern meadow steppe ranging up to
the forest steppe belt. Measurements were carried out on eight
healthy adult individuals of each species per plot to cover ITV
within this plot. All trait measurements were always taken on the
same set of individuals within one vegetation period. Not all target
species were found at each site (Table S1). Overall, we measured
4,297 individuals.

>

Distance (m) to grazing hotspot
(= grazing gradient)

2.3 | Trait measurements

Canopy height was determined in cm as the shortest distance
from ground level to the highest photosynthetic tissue (Pérez-
Harguindeguy et al., 2013). For plant width, the diameter (cm) of
the maximum distance of the area covered by the foliage when pro-
jected on the ground was measured. Five leaves per individual were
investigated to determine SLA, defined by Pérez-Harguindeguy et
al. (2013) as the ratio of fresh leaf area to dry mass (mmz/mg). For
each individual, two leaves were selected to measure chlorophyll
fluorescence of the photosystem Il (PSIl). The measurements were
done with a portable continuous excitation time-resolved chlo-
rophyll fluorimeter (PocketPEA from Hansatec). The F /F  ratio
represents the maximum quantum efficiency of PSII (Maxwell
& Johnson, 2000). Beside the F,/F,, value, also the performance

index, expressed on absorption basis (Pl_, ), is calculated from the

abs
chlorophyll fluorescence measurements (Strasser, Srivastava, &
Tsimilli-Michael, 2000). Aboveground biomass of each individual
was estimated by clipping at the base of the plant, oven-drying at
70°C for 48 hr, and weighing at an accuracy of 1 pg. Separation of
grass individuals is not straightforward. However, in the case of
the tussock grasses Agropyron cristatum and Cleistogenes squarrosa,
we always harvested the whole tussock for biomass measurement.
To assess the density and size of stomata, stomatal imprints were
made using the clear nail polish method as described by Hilu and
Randall (1984). For the imprints, one leaf per individual was col-

lected. Due to the small size of the leaves, one imprint from the
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Species

Agropyron cristatum
(L.) Beauv.

Allium polyrrhizum
Turcz. ex Regel.

Artemisia adamsii
Bess.

Artemisia frigida
Willd.

Chenopodium album
L.

Cleistogenes squar-
rosa (Trin.) Keng

Convolvulus am-
mannii Desr.

Dontostemon
integrifolius (L.) C.
A. Mey.

Elymus chinensis
Trin.

Heteropappus
altaicus (Willd.)
Novopokr.

Koeleria cristata (L.)
Pers.

Potentilla bifurca L.

Ptilotrichum cane-
scens (DC.) C. A.
Mey.

Stipa glareosa P.
Smirn.

Stipa krylovii
Roshev.

LANG ET AL.

Family

Poaceae

Alliaceae

Asteraceae

Asteraceae

Chenopodiaceae

Poaceae

Convolvulaceae

Brassicaceae

Poaceae

Asteraceae

Poaceae

Rosaceae

Brassicaceae

Poaceae

Poaceae

Open Access,

Growth form

Perennial grass

Perennial herb

Perennial herb

Perennial herb

Annual herb

Perennial grass

Perennial herb

Annual herb

Perennial grass

Perennial herb

Perennial grass

Perennial herb

Perennial herb

Perennial grass

Perennial grass

Habitat/stepptype

Steppes, steppe soddy, debris,
and stony slopes

Desert steppes and deserts

Steppe stony mountain slopes
and tailings, around springs
and lakes, river banks

Steppe stony and debris
slopes, steppes, and deserts

Side of alkaline water bodies,
often as weed in inhabited
areas, nomad camp sites

Dry and desert steppes

Debris and stony slopes,
sandy and debris desert
steppes

Sandy and debris steppes

Meadow steppe and alkaline
watersides, sands and peb-
bles, steppe and meadow
slopes

Steppes, steppe meadows

Meadows, meadow slopes and
montane steppes

Strongly grazed gravelly
desert steppe

Stony and debris steppe and
desert steppe slopes

Sandy and debris desert
steppes

Dry and stony steppes, sandy
and debris steppe slopes

TABLE 2 Selected species for
functional trait measurements along the
precipitation and grazing gradient, listed
with their main distribution in Mongolia
according to Jigjidsuren and Johnson
(2003) and Grubov (2001)

abaxial surface and one from the adaxial surface were taken and
very hairy leaves were shaved in advance. Four species (Artemisia
frigida, Potentilla bifurca, Stipa glareosa, and Stipa krylovii) were ex-
cluded from the species pool for stomata traits because of hairi-
ness or position of the stomata at the inner layer of small rolled
leaves. Stomatal imprints were analyzed using an Olympus CH20
light microscope at a 400-fold magnification. For each imprint, two
fields of view were chosen randomly for counting all visible sto-
mata (stomata density) and measuring guard cell length (stomata
size) and width (in pm) for two stomata per field of view. SPI (dimen-
sionless) was calculated as proposed by Sack, Cowan, Jaikumar, and
Holbrook (2003) as follows:

SPI = (guard cell length)? x stomatal density (1)

2.4 | Statistical analyses

To test whether more species change their trait values in response to
grazing with increasing precipitation, we first tested per site and spe-
cies for differences in trait values between the plots representing dif-
ferent grazing intensity (A-E). For simplicity and as in many cases, data
were not normally distributed, nonparametric Kruskal-Wallis tests
were used (in total 121 tests = sum of species of all sites). In a second
step, per site and trait, we determined the percentage of responding
species (i.e., number of species with significant differences based on
Kruskal-Wallis tests) using a vote counting approach. In a third step,
we analyzed per trait, whether the percentage of responding species
changed in response to changing precipitation using linear models
with percg,, ~MAP.
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Additionally, we tested whether trait values per species differed
with changing MAP and grazing intensity. Trait values were defined
as the dependent variable, and MAP as well as grazing intensity
were used alone and in interaction as explanatory variables (trait
~MAP*grazing).

To test the second hypothesis addressing the grazing-induced
magnitude of trait variation across the precipitation gradient, first,
as a measure of ITV, we calculated the CVs per site, plot (=grazing
intensity), species, and trait based on eight individuals. The CV was
calculated by dividing the standard deviation (across individuals) by
the mean. Second, from these five CVs representing grazing-induced
variation in trait values within each site (MAP) we calculated one
site-specific mean CV per trait and species (in total 690 CVs).

We tested whether CVs differed with changing MAP and whether
different traits showed different patterns using a linear mixed effect
model. CVs were defined as the dependent variable, MAP as explana-
tory variable and species as random effect (CV ~MAP + (1|Species)). To
account for unimodal relationships along MAP, we also added a qua-
dratic term for MAP in the model (CV ~(MAP2 + MAP) + (1|Species)).
To support the interpretation of the results, we additionally compared
trait-specific differences in the CVs irrespective of MAP and grazing
using nonparametric Kruskal-Wallis tests with subsequent pairwise
Wilcoxon tests.

Second, we tested whether different species show different ITV
patterns along the MAP gradient and performed the same linear
mixed effect model but we used species as random effect instead of
traits (CV ~(MAP2 + MAP) + (1|Traits)).

To support interpretation of the ITV (CV) patterns, we explored
the distribution of trait and species CVs in multivariate trait space
(14 MAP levels x 690 CVs) using a principal component analysis
(PCA). To test whether CVs depend on MAP or grazing intensity in
this multivariate trait space, MAP and grazing intensity were cor-
related post hoc with the PCA axes. SPI was excluded for this analy-
sis due to missing data for the species A. frigida, P. bifurca, S. glareosa,
and S. krylovii.

All analyses were done in R version 3.3.0 (R Core Team, 2016).

3 | RESULTS

3.1 | Percentage of responding species along the
precipitation gradient

Species-specific trait responses to grazing under different MAP
were highly diverse (Table S1). Only in SLA and SPI, there was an
increase in the percentage of species responding to grazing with
higher ITV under increasing MAP (SLA: R%= .35, F1,1z =6.46,p < .05;
SPI: R? = .40, Fy 10 =794, p <.05; Figure 2). For the other traits (can-
opy height, plant width, F /F_, Pl .,
significant. It was apparent that grazing and MAP had an interacting

and biomass), models were not

effect on SLA in eight of the 15 species. Only Convolvulus ammanii,
Elymus chinensis, and S. glareosa did not respond to neither MAP nor

grazing with a change in their SLA values. Canopy height showed
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only for six of 15 species a significant response to the interaction
of grazing and MAP. Plant width revealed significant responses
to interacting grazing and MAP only for four of 15 species. Plant
width of Chenopodium album, Dontostemon integrifolius, P. bifurca,
and Ptilotrichum canescens did not respond at all. Stomatal traits did
only hardly respond grazing intensity; effects of grazing on SPI were
only significant in the species Artemisia adamsii, C. ammanii, D. inte-
grifolius, Koeleria cristata, and P. canescens. MAP and grazing largely
affected chlorophyll fluorescence parameters, and 12 of 15 species
respondedinF /F_and Pl . The mostresponsive trait along the gra-
dients was biomass, as all species except for D. integrifolius and P. ca-
nescens changed their biomass in response to MAP and grazing. For
linear relationships between trait values and precipitation*grazing,
see Table S2.

3.2 | Variation of traits and species in response to
grazing along the precipitation gradient

The outcome of the model analyzing changes in the magnitude of
ITV showed significant relationships with MAP (Table S3), but no
consistent patterns of traits (Figure 3). The CVs of canopy height,
SPI, and SLA increased with increasing precipitation, whereas the
variation of the traits biomass, plant width, Pl ,, and F /F  de-
creased with increasing precipitation.

Irrespective of MAP and grazing, CVs significantly differed be-
tween the traits (chi® = 345.02, df = 6, p < .001; Figure S1). CVs were
lowest for F /F,_ and highest for biomass and Pl .

The results of the model analyzing the CVs of the 15 investigated
species in response to grazing showed significant, though very weak
relationships with MAP (Table S4, Figure 4) and no overall pattern
was detected. Twelve out of the 15 species (80%) even revealed
higher variation at the drier part of the gradient than at the wetter
part, including all examined grass species. Only three species (Allium
polyrrhizum, A. adamsii, and P. bifurca) had highest variation caused
by grazing under high MAP.

The first axis of the PCA (species per MAP level x grazing-in-
duced CVs of six traits; Figure S2) explains 26.2% and the second
axis 21.0% of the total variation. We found no clear differentiation
of the 15 species and their relatedness based on the coefficients
of variation of their measured traits. MAP was not significantly cor-

related with the axes.

4 | DISCUSSION

This study investigated different aspects of ITV as a response to
grazing under increasing MAP. We show that with increasing precipi-
tation, the percentage of species significantly responding to grazing
increases for the two traits SLA and SPI, therewith partly confirming
our first hypothesis.

Our second hypothesis that the magnitude with which spe-

cies change their trait values in response to grazing increases with
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FIGURE 2 Relation between percentage of investigated species which show significant differences in their trait values across the five
different grazing intensities (“% of reacting species”), and the mean annual precipitation (MAP) for the traits specific leaf area (SLA; R? = .35,
F1,1z = 6.46, p < .05) and stomatal pore area index (SPI; R? = 40, FL12 =794,p < .05)

FIGURE 3 Relation between plot-wise
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increasing precipitation could be confirmed for three out of seven
traits; however, general trends at the species level could not be
detected.

4.1 | Trait value changes in response to grazing with
increasing precipitation

Besides the well-studied effect of grazing, we additionally investigated
the influence of MAP on trait values in our study. As hypothesized, we
hardly observed grazing-induced changes in SLA values in the drier
part of the precipitation gradient; in contrast, most species showed
significant responses to grazing at the wetter part of the gradient.
This can be linked to the nonequilibrium concept of rangeland dynam-
ics, which predicts that the potential for grazing-induced degradation
is low in rangelands with relatively low precipitation (Fernandez-
Gimenez & Allen-Diaz, 1999; von Wehrden, Hanspach, Kaczensky,

Fischer, & Wesche, 2012). Accordingly, the concept suggests that
precipitation is the main limiting factor for vegetation responses in
comparatively dry regions and that grazing hardly influences the veg-
etation. Assuming that the response of the vegetation is the combined
response of the single species, we can expect that plant performance
is also hardly influenced by grazing in relative dry regions.

In general, it is assumed that SLA is influenced by changing in-
tensity of grazing and significant differences in SLA values were
already found along grazing gradients in other studies (Diaz et al.,
2007; Diaz, Noy-meir, & Cabido, 2001; Zheng, Li, Lan, Ren, & Wang,
2015). However, these changes can be species-specific and reflect
varying plant strategies. SLA has been widely used to predict these
plant strategies (Pierce et al., 2017; Westoby, 1999). Previous studies
showed that in grazing tolerant species, SLA increases with intensi-
fied grazing to compensate for biomass loss by higher growth rates
(Rota, Manzano, Carmona, Malo, & Peco, 2017; Strahan et al., 2015).

Correspondingly, SLA of grazing tolerant species should be lower on
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plots with low grazing intensities compared to plots with high graz-
ing intensities (Table S1).

Stomatal pore area index showed a similar pattern, being also in
line with our first hypothesis. The nonequilibrium concept of range-
land dynamics can also be applied in this context. The investigated
species rarely showed differences in trait values between different
grazing intensities at the dry part of the precipitation gradient, but
strongly varied between grazing intensities at the wet part of the
precipitation gradient. SPI as an integrated measure of stomata size
and density can also be used as a proxy for the response to stress
(Bucher et al., 2016; Hetherington & Woodward, 2003). In this case,
increased SPI indicates increased stress as imposed by continuous
grazing, because, for instance, plants try to thicken their leaves as
protection under increasing grazing (Westoby, Falster, Moles, Vesk,
& Wright, 2002). According to this, more stomata are necessary
to provide the supply with CO, also in deeper leaf layers (K&rner,
Bannister, & Mark, 1986).

Morphological growth traits (canopy height, plant width, individ-
ual biomass) are generally highly determined by moisture availability
(Lang et al., 2019) but also by prevailing vegetation structure. The
largest differences in vegetation structure are mainly found be-
tween different steppe types (e.g., desert and meadow steppe) that
occur along the precipitation gradient. On this scale, the role of land

cover may be overridden by the large-scale climate effect (Luoto,

MAP (mm)

Virkkala, & Heikkinen, 2007), therefore masking potential grazing
effects on this group of traits. However, chlorophyll fluorescence

parameters (F /F,, Pl ) were independent from grazing intensity

abs
in our data set. This observation may be due to the fact that these
measures more directly reflect the current status of photosynthetic
performance rather than an integrating trait like SPI (integrating for

growth conditions over the last months).

4.2 | Variation of traits and species in response to
grazing along the precipitation gradient

Our analysis of the CVs of the seven investigated traits in response
to grazing partly confirmed hypothesis (ii), as it was shown that
trait variation is significantly dependent on MAP but not in a par-
allel manner for all investigated traits. The variation of the traits
canopy height, SLA, and SPI increased with increasing precipita-
tion, which is in line with our expectations. In general, canopy
height was found to be the best predictor to estimate the graz-
ing response of species (Diaz et al., 2001), but still depends on
the growth strategy. Consistent with other studies (An & Li, 2014;
Diaz et al., 2001), our results show that there is an increasing
variation in canopy height between the grazed plots with increas-

ing precipitation. Typically, canopy height decreases with high



LANG ET AL.

686 WI LEY—ECOlOgy and Evolution

Open Access,

grazing pressure (Table S2). A common ecological hypothesis for
the reduction of the aboveground annual net primary productivity
(ANPP) in habitats with low competition for light, such as steppes,
is that plants change their growth strategy with long-term grazing
pressure to avoid grazing. Hence, tall plants are better accessi-
ble to grazers and are therefore affected more strongly (Falster &
Westoby, 2003).

Specific leaf area in grassland species is highly influenced by
multiple response strategies and dependent on the site conditions
(Diaz et al., 2007; Westoby, 1999). SLA includes leaf mass and leaf
size and can be influenced by grazing resistance and avoidance
strategies, for example, increase in leaf toughness associated
with low palatability (Cornelissen et al., 1999; Grime, Cornelissen,
Thompson, & Hodgson, 1996). According to Herms and Mattson,
(1992), increased leaf toughness can be negatively correlated with
leaf growth, resulting in a reduction of SLA. Additionally, when
species react to grazing by reducing leaf size, SLA decreases.
Reduced leaf growth also is a strategy of small plants on grazed
sites with more bare ground to decrease their capacity for light
harvesting, because of too much incoming light. SLA can as well
decrease when species try to avoid grazing by developing smaller
leaves and are reduced in plant height. In contrast, a strategy of
grazing tolerant species is to show bigger leaves with a fast re-
growth capacity, tolerating partial defoliation (Briske, 1996;
Cingolani et al., 2005; Westoby, 1999).

Stomatal pore area index is estimated by stomatal density and
stomatal size. Stomatal densities were found to be sensitive to abi-
otic environmental conditions (Bucher et al., 2016; Kumekawa et
al., 2013; Romermann et al., 2016). High densities of small stomata
enable greater and faster stomatal control, which is necessary for
plants during drought conditions (Drake, Froend, & Franks, 2013;
Franks & Beerling, 2009), for example, at the dry part of our MAP
gradient. Additionally, high photosynthesis rates are generated by
high maximum leaf diffusive conductance, which is again induced by
high densities of small stomata (Drake et al., 2013). Earlier studies de-
tected highest water use efficiency in species with highest stomatal
densities (Bucher et al., 2016, 2018; Franks & Beerling, 2009; Franks
& Farquhar, 2006). Changes in SPI in our study may be most strongly
associated with changes in stomatal density because several studies
found stomatal size as closely linked to genome size, with plants pos-
sessing larger genomes having larger guard cells (Franks & Beerling,
2009; Jordan, Carpenter, Koutoulis, Price, & Brodribb, 2015).

In spite of these studies, little is known about the relationship
between stomata parameters and grazing. Yang, Han, Zhou, and Li
(2007) showed in a study about stomata of Leymus chinensis that
soil water was the first factor for determining stomatal density
followed by annual precipitation, which suggests that water avail-
ability is the primary ecological factor influencing stomatal den-
sity. They found that water use efficiency of L. chinensis increased
significantly with environmental droughts and was sensitive to
the soil water content. The soil water, however, can again be in-
fluenced by grazing as high grazing intensity leads to lower veg-

etation cover and the soil then hardens and dries. Hence, grazing

might be influencing stomatal parameters in an indirect manner
(Yang et al., 2007).

Contrary to our expectations, the traits plant width, biomass,
F/F.. and Pl

cipitation. With the examination of a growth response by biomass,

. . showed decreasing variation with increasing pre-

previous studies revealed a decrease of biomass production with
grazing, consistent with the changing canopy height in response to
grazing (An & Li, 2014). In our study, we found a contrasting effect,
but this can again result from the mixture of different species, with
variable responses to grazing (Table S2). Less changes in biomass be-
tween different grazing intensities under increased precipitation are
possibly associated with a change in growth strategies of several spe-
cies (Peper, Jansen, Pietzsch, & Manthey, 2011; Sasaki et al., 2009).
Species being tolerant to grazing with a high regeneration potential
or prostrate clonal profiting from bare ground situations by less com-
petition for light at heavily grazed sites might even react positively to
grazing. They may build up high biomass values under high grazing
intensity. In contrast, grazing sensitive species have of course lower
biomass on heavily grazed sites as found for some of our focal species
(e.g., S. krylovii, Table S2).

Chlorophyll fluorescence measurements (Fv/Fm, Pl . ) can serve

abs
as a tool to estimate the health of the photosynthetic system within
the plant leaf by telling the extent to which PSll is damaged by envi-
ronmental stress (Maxwell & Johnson, 2000; Mohammed, Binder, &
Gilles, 1995). Grazing continuously affects plant growth in the highly
grazed plots. This stress-like effect may cause damage of the PSII,
measurable by a reduction of F /F _ ratio; F, /F_ should thus decrease
with increasing grazing intensity (Mohammed et al., 1995; Zhao et al.,
2009). Interestingly, we found higher variation of F /F,_ and Pl _be-
tween different grazing intensities at the drier part of our precipita-
tion gradient (Table S2). Yet, the values were just slightly decreasing
up to the wetter end of the gradient. We assume that this pattern is
related to the repair and defense mechanisms to overcome damages
by photoinhibition (Goh, Ko, Koh, Kim, & Bae, 2012). Lichtenthaler
(1998) explained with his stress response concept that stress-in-
duced repair and adaption mechanisms can lead to a restitution of
the previous physiological function or induce the establishment of
a new even higher physiological standard than the previous state.
According to this concept of stress response, we propose as an expla-
nation of the phenomenon of increased F, /F | variation the following
stress response concept: We assume that the high irradiation in the
Mongolian steppe led to a slight photoinhibition in general. With the
addition of grazing and drought as further stressors, stress avoidance
and defense mechanisms are induced to compensate damages by
grazing, leading to an increase of the photosynthetic performance.

Irrespective of MAP and grazing, the CVs significantly differed
between traits. CVs were lowest for F /F_~while those of biomass
and P, were highest. F /F  seemed to be most stable, because CVs
were not only low but also showed the smallest range (Figure S1). In
contrast, biomass and Pl _ displayed a large range of CVs.

In contrast to our expectations, we did not find a general pattern
concerning the CVs along the precipitation gradient. The analysis of

the CVs of the 15 investigated species in response to grazing showed
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that most of the investigated species (80%) had highest variation in the
dry region of the precipitation gradient. The R? was, however, very low,
and ecological interpretations should therefore be taken with caution.

We did not find an overall pattern of changing variation caused by
grazing along the precipitation gradient since the investigated species
show different responses. Agropyron cristatum and Heteropappus alta-
icus were shown to be sensitive to grazing by reduced aboveground
growth (e.g., change in SLA). In contrast, A. polyrrhizum and E. chinensis
were tolerant to grazing with generally induced growth (e.g., change
in SLA and biomass), which is also in accordance to the herbivore op-
timization hypothesis (e.g., Hilbig, 1995; Williamson, Detling, Dodd, &
Dyer, 1989). Finally, C. squarrosa and K. cristata might have switched
the growth direction depending on light and open ground access, as
indicated by biomass and F, /F,.. The missing response of Cleistogenes
songorica and Convolvulus amannii can be explained by the fact that
these are less accessible to grazers. A common ecological hypothe-
sis in habitats with low competition for light, such as steppes, is that
plants change their growth strategy with long-term grazing pressure
to avoid grazing. Hence, usually tall species are better accessible to
grazers and are therefore stronger affected (Falster & Westoby, 2003;
Painter, Detling, & Steingraeber, 1993). On the other hand, the pe-
rennial forb A. adamsii is proclaimed to be a grazing resistant weed
containing secondary compounds (e.g., essential oils) and being there-
fore an unpalatable weed for grazers (Fernandez-Gimenez & Allen-
Diaz, 1999). Sasaki, Okayasu, Jamsran, and Takeuchi (2008) showed
additionally that annual unpalatable weeds highly increase in cover in
heavily grazed situations. Some plant species are generally avoided
by most grazers, but nevertheless consumed when stocking rates
are very high and availability of palatable plants is low (Jargalsaikhan,
2013; Tuvshintogtokh & Ariungerel, 2013).

The missing overall pattern of trait responses, but the high
responsiveness of the traits in general (Table S2), leads to the as-
sumption that different functional traits may respond to diverse
environmental factors. Several studies dealt with this fact and did
not find a globally consistent trend in the analysis of these patterns
(Albert et al., 2010; Kichenin, Wardle, Peltzer, Morse, & Freschet,
2013), as species can have various or even opposite responses in their
traits to an environmental gradient (Helm et al., 2019). Additionally,
a given species' performance at large scales (i.e., along the precip-
itation gradient) depends also on its local distribution pattern and
natural selection patterns across the gradient. At smaller scales, that
is, within the sites/MAP levels, species response strongly depends
on micro-environmental heterogeneity and/or biotic interactions
(Gottfried, Pauli, & Grabherr, 1998). Results of previous studies sug-
gest that some species and traits could be affected by local hetero-
geneity rather than by environmental gradients between sites within

their realized niche (Pescador, Bello, Valladares, & Escudero, 2015).

5 | CONCLUSION

Our results showed that ITV as a response to grazing increases

with increasing precipitation for the two traits SLA and SPI. Other
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investigated traits did not show clear overall patterns, neither did
the examined species. However, similar trait response patterns
as for SLA and SPI in terms of grazing and precipitation could be
identified for trait-environment relationships in further stud-
ies. The results of our study also have implications for the use of
community-weighted mean trait values in vegetation analyses (e.g.,
Bruelheide et al., 2018), as not only species abundances change in
response to changing environmental conditions, but also values of
traits considerably change. Including this aspect in further stud-
ies will improve our understanding of processes acting within and

among communities.

ACKNOWLEDGMENTS

The authors would like to thank Ganbud Yeruultkhuyag for his per-
sistent commitment as a field assistant. We are grateful to all coop-
erating scientists who helped with the coordination and organization
of the field work. We also thank Janin Naumann, Lauren Leib, and
Elke Kirsten for practical assistance and technical support, Emma
Jardine for language editing, and two anonymous reviewers and
the editor for valuables comments. This work was funded by the
German Science Foundation DFG (RO 3842/3-1 | WE 2601/8-1 |
WE 5297/3-1).

CONFLICT OF INTEREST
None declared.

AUTHORS' CONTRIBUTION

Birgit Lang collected data, did the analysis and wrote most of the
paper. Julian Ahlborn and Munkhzul Oyunbileg are associated PhD
students and were substantially involved in collecting the data dur-
ing field work, as well as the master student Anna Geiger. Batlai
Oyuntsetseg organized field work, collected data in the field, and
provided substantial help with determination of species. Christine
Rémermann, Henrik von Wehrden, and Karsten Wesche designed
the study, supervised field, and laboratory work. All co-authors

made leading contributions to the manuscript.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author, BL, upon reasonable request. All data will
be publically available from TRY—Plant Trait Database after publica-
tion of this article.

ORCID
Birgit Lang https://orcid.org/0000-0002-2056-9670
REFERENCES

Ahlborn, J., Lang, B., Oyunbileg, M., Oyuntsetseg, B., Wesche, K.,
Roémermann, C., & von Wehrden, H. (in revision). Climate - land-use
interactions in Mongolian rangelands: Effects of grazing change along
a large-scale environmental gradient. Journal of Arid Environments,
173, 104043. https://doi.org/10.1016/j.jaridenv.2019.104043

Albert, C. H., Thuiller, W., Yoccoz, N. G., Soudant, A., Boucher, F.,
Saccone, P.,, & Lavorel, S. (2010). Intraspecific functional variability:


https://orcid.org/0000-0002-2056-9670
https://orcid.org/0000-0002-2056-9670
https://doi.org/10.1016/j.jaridenv.2019.104043

LANG ET AL.

688 WI LEY—ECOlOgy and Evolution

Open Access,

Extent, structure and sources of variation. Journal of Ecology, 98,
604-613. https://doi.org/10.1111/j.1365-2745.2010.01651.x

An, H., & Li, G. (2014). Differential effects of grazing on plant func-
tional traits in the desert grassland. Polish Journal of Ecology, 62(2),
239-251. https://doi.org/10.3161/104.062.0205

Bai, Y., Wu, J., Clark, C. M., Pan, Q., Zhang, L., Chen, S., ... Han, X.
(2012). Grazing alters ecosystem functioning and C:N:P stoi-
chiometry of grasslands along a regional precipitation gradi-
ent. Journal of Applied Ecology, 49(6), 1204-1215. https://doi.
org/10.1111/j.1365-2664.2012.02205.x

Batsaikhan, N., Buuveibaatar, B., Chimed, B., Enkhtuya, O., Galbrakh,
D., Ganbaatar, O., ... Whitten, T. (2014). Conserving the world's fin-
est grassland amidst ambitious national development. Conservation
Biology, 28(6), 1736-1739. https://doi.org/10.1111/cobi.12297

Briske, D. D. (1996). Strategies of plant survival in grazed systems: A
functional interpretation. In J. Hodgson & A. W. lllius (Eds.), The ecol-
ogy and management of grazing systems (pp. 37-67). Wallingford, UK:
CAB International.

Bruelheide, H., Dengler, J., Purschke, O., Lenoir, J., Jiménez-Alfaro, B.,
Hennekens, S. M., ... Jandt, U. (2018). Global trait-environment
relationships of plant communities. Nature Ecology & Evolution, 2,
1906-1917. https://doi.org/10.1038/s41559-018-0699-8

Bucher, S. F., Auerswald, K., Tautenhahn, S., Geiger, A., Otto, J., Miiller,
A., & Rémermann, C. (2016). Inter- and intraspecific variation in sto-
matal pore area index along elevational gradients and its relation
to leaf functional traits. Plant Ecology, 217(3), 229-240. https://doi.
org/10.1007/s11258-016-0564-2

Bucher, S. F., Bernhardt-Rémermann, M., & Rédmermann, C. (2018).
Chlorophyll fluorescence and gas exchange measurements in
field research: An ecological case study. Photosynthetica, 56(4),
1161-1170. https://doi.org/10.1007/s11099-018-0809-5

Christensen, L., Coughenour, M. B., Ellis, J. E., & Chen, Z. Z. (2004).
Vulnerability of the Asian typical steppe to grazing and climate
change. Climatic Change, 63(3), 351-368. https://doi.org/10.1023/B:-
CLIM.0000018513.60904.fe

Cingolani, A. M., Posse, G., & Collantes, M. B. (2005). Plant func-
tional traits, herbivore selectivity and response to sheep grazing
in Patagonian steppe grasslands. Journal of Applied Ecology, 42(1),
50-59. https://doi.org/10.1111/j.1365-2664.2004.00978.x

Cornelissen, J. H. C., Pérez-Harguindeguy, N., Diaz, S., Grime, J. P,
Marzano, B., Cabido, M., ... Cerabolini, B. (1999). Leaf structure and
defence control litter decomposition rate across species and life
forms in regional floras on two continents. New Phytologist, 143(1),
191-200. https://doi.org/10.1046/j.1469-8137.1999.00430.x

deBello, F.,Leps, J., & Sebastia, M. T.(2006). Variations in species and func-
tional plant diversity along climatic and grazing gradients. Ecography,
29(6), 801-810. https://doi.org/10.1111/j.2006.0906-7590.04683.x

de Bello, F., Leps, J., & Sebastia, M. T. (2007). Grazing effects on the
species-area relationship: Variation along a climatic gradient in
NE Spain. Journal of Vegetation Science, 18(1), 25-34. https://doi.
org/10.1111/j.1654-1103.2007.tb02512.x

Diaz, S., Hodgson, J. G., Thompson, K., Cabido, M., Cornelissen, J. H. C.,
Jalili, A., ... Zak, M. R. (2004). The plant traits that drive ecosystems:
Evidence from three continents. Journal of Vegetation Science, 15(3),
295-304. https://doi.org/10.1111/j.1654-1103.2004.tb02266.x

Diaz, S., Lavorel, S., Mcintyre, S., Falczuk, V., Casanoves, F., Milchunas,
D. G, ... Campbell, B. D. (2007). Plant trait responses to grazing - A
global synthesis. Global Change Biology, 13(2), 313-341. https://doi.
org/10.1111/j.1365-2486.2006.01288.x

Diaz, S., Noy-meir, I, & Cabido, M. (2001). Can grazing of herba-
ceous plants be predicted response from simple vegetative
traits? Journal of Applied Ecology, 38(3), 497-508. https://doi.
org/10.1046/j.1365-2664.2001.00635.x

Drake, P. L., Froend, R. H., & Franks, P. J. (2013). Smaller, faster sto-
mata: Scaling of stomatal size, rate of response, and stomatal

conductance. Journal of Experimental Botany, 64(2), 495-505. https://
doi.org/10.1093/jxb/ers347

Ellenberg, H. (1996). Vegetation Mitteleuropas mit den Alpen (5th ed.).
Stuttgart, Germany: Ulmer Verlag.

Falster, D. S., & Westoby, M. (2003). Plant height and evolutionary
games. Trends in Ecology and Evolution, 18(7), 337-343. https://doi.
org/10.1016/50169-5347(03)00061-2

Fernandez-Gimenez, M. E., & Allen-Diaz, B. (1999). Testing a
non-equilibrium model of rangeland vegetation dynamics in
Mongolia. Journal of Applied Ecology, 36(6), 871-885. https://doi.
org/10.1046/j.1365-2664.1999.00447.x

Fernandez-Giménez, M. E., Venable, N. H., Angerer, J., Fassnacht, S. R.,
Reid, R. S., & Khishigbayar, J. (2017). Exploring linked ecological and
cultural tipping points in Mongolia. Anthropocene, 17, 46-69. https://
doi.org/10.1016/j.ancene.2017.01.003

Franks, P. J.,, & Beerling, D. J. (2009). Maximum leaf conductance
driven by CO, effects on stomatal size and density over geologic
time. Proceedings of the National Academy of Sciences of the United
States of America, 106(25), 10343-10347. https://doi.org/10.1073/
pnas.0904209106

Franks, P. J., & Farquhar, G. D. (2006). The mechanical diversity of sto-
mata and its significance in gas-exchange control. Plant Physiology,
143(1), 78-87. https://doi.org/10.1104/pp.106.089367

Garnier, E., Shipley, B., Roumet, C., & Laurent, G. (2001). A standard-
ized protocol for the determination of specific leaf area and leaf
dry matter content. Functional Ecology, 15(5), 688-695. https://doi.
org/10.1046/j.0269-8463.2001.00563.x

Goh, C.H.,Ko,S.M,,Koh,S.,Kim, Y. J., & Bae, H. J. (2012). Photosynthesis
and environments: Photoinhibition and repair mechanisms in plants.
Journal of Plant Biology, 55(2), 93-101. https://doi.org/10.1007/
s12374-011-9195-2

Gottfried, M., Pauli, H., & Grabherr, G. (1998). Prediction of vegeta-
tion patterns at the limits of plant life: A new view of the alpine-ni-
val ecotone. Artic and Alpine Research, 30(3), 207-221. https://doi.
org/10.1080/00040851.1998.120028%94

Grime, J. P. (2006). Plant strategies, vegetation processes, and ecosystem
properties. Chichester, UK: John Wiley & Sons.

Grime, J. P,, Cornelissen, J. H. C., Thompson, K., & Hodgson, J. G. (1996).
Evidence of a causal connection between anti-herbivore defence and
the decomposition rate of leaves. Oikos, 77(3), 489-494. https://doi.
org/10.2307/3545938

Grubov, V. I. (2001). Key to the vascular plants of Mongolia. Enfield, NH:
Science Publishers.

Helm,J.,Dutoit, T.,Saatkamp,A.,Bucher,S.F.,Leiterer,M.,&R6mermann,C.
(2019). Recovery of Mediterranean steppe vegetation after culti-
vation: Legacy effects on plant composition, soil properties and
functional traits. Applied Vegetation Science, 22, 71-84. https://doi.
org/10.1111/avsc.12415

Herms, D. A., & Mattson, W. J. (1992). The dilemma of plants: To grow or
defend. The Quarterly Review of Biology, 67(3), 283-335. https://doi.
org/10.1086/417659

Herzschuh, U., Tarasov, P.,, Wiinnemann, B., & Hartmann, K. (2004).
Holocene vegetation and climate of the Alashan Plateau, NW China,
reconstructed from pollen data. Palaeogeography, Palaeoclimatology,
Palaeoecology, 211(1-2), 1-17. https://doi.org/10.1016/j.
palaeo.2004.04.001

Hetherington, A. M., & Woodward, F. I. (2003). The role of stomata in
sensing and driving environmental change. Nature, 424, 901-908.
https://doi.org/10.1038/nature01843

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A.
(2005). Very high resolution interpolated climate surfaces for global
land areas. International Journal of Climatology, 25(15), 1965-1978.
https://doi.org/10.1002/joc.1276

Hilbig, W. (1995). The vegetation of Mongolia. Amsterdam, the Netherlands:
SPB Academic Publishing.


https://doi.org/10.1111/j.1365-2745.2010.01651.x
https://doi.org/10.3161/104.062.0205
https://doi.org/10.1111/j.1365-2664.2012.02205.x
https://doi.org/10.1111/j.1365-2664.2012.02205.x
https://doi.org/10.1111/cobi.12297
https://doi.org/10.1038/s41559-018-0699-8
https://doi.org/10.1007/s11258-016-0564-2
https://doi.org/10.1007/s11258-016-0564-2
https://doi.org/10.1007/s11099-018-0809-5
https://doi.org/10.1023/B:CLIM.0000018513.60904.fe
https://doi.org/10.1023/B:CLIM.0000018513.60904.fe
https://doi.org/10.1111/j.1365-2664.2004.00978.x
https://doi.org/10.1046/j.1469-8137.1999.00430.x
https://doi.org/10.1111/j.2006.0906-7590.04683.x
https://doi.org/10.1111/j.1654-1103.2007.tb02512.x
https://doi.org/10.1111/j.1654-1103.2007.tb02512.x
https://doi.org/10.1111/j.1654-1103.2004.tb02266.x
https://doi.org/10.1111/j.1365-2486.2006.01288.x
https://doi.org/10.1111/j.1365-2486.2006.01288.x
https://doi.org/10.1046/j.1365-2664.2001.00635.x
https://doi.org/10.1046/j.1365-2664.2001.00635.x
https://doi.org/10.1093/jxb/ers347
https://doi.org/10.1093/jxb/ers347
https://doi.org/10.1016/S0169-5347(03)00061-2
https://doi.org/10.1016/S0169-5347(03)00061-2
https://doi.org/10.1046/j.1365-2664.1999.00447.x
https://doi.org/10.1046/j.1365-2664.1999.00447.x
https://doi.org/10.1016/j.ancene.2017.01.003
https://doi.org/10.1016/j.ancene.2017.01.003
https://doi.org/10.1073/pnas.0904209106
https://doi.org/10.1073/pnas.0904209106
https://doi.org/10.1104/pp.106.089367
https://doi.org/10.1046/j.0269-8463.2001.00563.x
https://doi.org/10.1046/j.0269-8463.2001.00563.x
https://doi.org/10.1007/s12374-011-9195-2
https://doi.org/10.1007/s12374-011-9195-2
https://doi.org/10.1080/00040851.1998.12002894
https://doi.org/10.1080/00040851.1998.12002894
https://doi.org/10.2307/3545938
https://doi.org/10.2307/3545938
https://doi.org/10.1111/avsc.12415
https://doi.org/10.1111/avsc.12415
https://doi.org/10.1086/417659
https://doi.org/10.1086/417659
https://doi.org/10.1016/j.palaeo.2004.04.001
https://doi.org/10.1016/j.palaeo.2004.04.001
https://doi.org/10.1038/nature01843
https://doi.org/10.1002/joc.1276

LANG ET AL.

Hilu, K. W., & Randall, J. L. (1984). Convenient method for studying grass
leaf epidermis. International Association for Plant Taxonomy, 33(3),
413-415. https://doi.org/10.2307/1220980

Hooper, D. U,, Chapin, F. S., Ewel, J. J., Hector, A., Inchausti, P., Lavorel,
S.,... Wardle, D. A. (2005). Effects of biodiversity on ecosystem func-
tioning: A consensus of current knowledge. Ecological Monographs,
75(1), 3-35. https://doi.org/10.1890/04-0922

Janzen, J., & Bazargur, D. (2003). Wandel und Kontinuitat in der mobilen
Tierhaltung der Mongolei. Petermanns Geographische Mitteilungen, 5,
50-58.

Jargalsaikhan, L. (2013). Long-term study of the relationship between
precipitation and productivity in the main pasture vegetation of a
steppe ecosystem in eastern Mongolia. In N. Yamamura, N. Fujita
& A. Maekawa (Eds.), The Mongolian ecosystem network (pp. 33-42).
Tokyo, Japan: Springer.

Jigjidsuren, S., & Johnson, D. (2003). Forage plants in Mongolia.
Ulaanbaatar, Mongolia: Admon Publishing.

Jordan, G. J,, Carpenter, R. J., Koutoulis, A., Price, A., & Brodribb, T. J.
(2015). Environmental adaptation in stomatal size independent of
the effects of genome size. New Phytologist, 205(2), 608-617. https
://doi.org/10.1111/nph.13076

Jung, V., Violle, C., Mondy, C., Hoffmann, L., & Muller, S. (2010).
Intraspecific  variability —and trait-based community as-
sembly. Journal of Ecology, 98(5), 1134-1140. https://doi.
org/10.1111/j.1365-2745.2010.01687.x

Kichenin, E., Wardle, D. A., Peltzer, D. A., Morse, C. W., & Freschet,
G. T. (2013). Contrasting effects of plant inter- and intraspecific
variation on community-level trait measures along an environ-
mental gradient. Functional Ecology, 27(5), 1254-1261. https://doi.
org/10.1111/1365-2435.12116

Korner, C., Bannister, P., & Mark, A. F. (1986). Altitudinal variation in sto-
matal conductance, nitrogen content and leaf anatomy in different
plant life forms in New Zealand. Oecologia, 69(4), 577-588. https://
doi.org/10.1007/BF00410366

Kraft, N. J. B., Cornwell, W. K., Webb, C. O., & Ackerly, D. D. (2007).
Trait evolution, community assembly, and the phylogenetic structure
of ecological communities. The American Naturalist, 170(2), 271-283.
https://doi.org/10.1086/519400

Kumekawa, Y., Miyata, H., Ohga, K., Hayakawa, H., Yokoyama, J., Ito, K., ...
Fukuda, T. (2013). Comparative analyses of stomatal size and density
among ecotypes of Aster hispidus (Asteraceae). American Journal of
Plant Sciences, 4, 524-527. https://doi.org/10.4236/ajps.2013.43067

Lang, B., Geiger, A., Oyunbileg, M., Ahlborn, J., von Wehrden, H.,
Wesche, K., ... Rémermann, C. (2019). Intraspecific trait variation
patterns along a precipitation gradient in Mongolian rangelands.
FLORA - Morphology, Distribution, Functional Ecology of Plants, 254,
135-146. https://doi.org/10.1016/j.flora.2018.11.008

Lavrenko, E. M., Karamysheva, Z. V., & Nikulina, R. I. (1991). Stepi Evrazii
[Steppes of Eurasia]. St. Petersburg, Russia: Nauka.

Leps, J., de Bello, F., Smilauer, P, & Dolezal, J. (2011). Community trait
response to environment: Disentangling species turnover vs intra-
specific trait variability effects. Ecography, 34(5), 856-863. https://
doi.org/10.1111/j.1600-0587.2010.06904.x

Lichtenthaler, H. K. (1998). The stress concept in plants: An introduction.
Annals of the New York Academy of Sciences, 851(1-2), 187-198. https
://doi.org/10.1111/j.1749-6632.1998.tb08993.x

Liu, G., Freschet, G. T., Pan, X., Cornelissen, J. H. C., Li, Y., &
Dong, M. (2010). Coordinated variation in leaf and root traits
across multiple spatial scales in Chinese semi-arid and arid
ecosystems. New Phytologist, 188(2), 543-553. https://doi.
org/10.1111/j.1469-8137.2010.03388.x

Lépez-Marsico, L., Altesor, A., Oyarzabal, M., Baldassini, P., & Paruelo,
J. M. (2015). Grazing increases below-ground biomass and net pri-
mary production in a temperate grassland. Plant and Soil, 392(1-2),
155-162. https://doi.org/10.1007/s11104-015-2452-2

Ecology and Evolution 689
2 e~ W1 LEY- ¥

Luoto, M., Virkkala, R., & Heikkinen, R. K. (2007). The role of
land cover in bioclimatic models depends on spatial resolu-
tion. Global Ecology and Biogeography, 16, 34-42. https://doi.
org/10.1111/j.1466-8238.2006.00262.x

Mason,N.W. H.,deBello, F.,Dolezal, J., & Leps, J. (2011). Niche overlap re-
vealstheeffectsof competition, disturbanceand contrastingassembly
processes in experimental grassland communities. Journal of Ecology,
99(3), 788-796. https://doi.org/10.1111/j.1365-2745.2011.01801.x

Maxwell, K., & Johnson, G. N. (2000). Chlorophyll fluorescence - A prac-
tical guide. Journal of Experimental Botany, 51(345), 659-668. https://
doi.org/10.1093/jexbot/51.345.659

Miehe, S., Kluge, J., von Wehrden, H., & Retzer, V. (2010). Long-
term degradation of Sahelian rangeland detected by 27 years of
field study in Senegal: Long-term rangeland monitoring in the
Sahel. Journal of Applied Ecology, 47(3), 692-700. https://doi.
org/10.1111/j.1365-2664.2010.01815.x

Mohammed, G., Binder, W., & Gilles, S. (1995). Chlorophyll fluorescence:
A review of its practical forestry applications and instrumentation.
Scandinavian Journal of Forest Research, 10, 383-410. https://doi.
org/10.1080/02827589509382904

Minzbergova, Z., Hadincova, V., Skélova, H., & Vandvik, V. (2017).
Genetic differentiation and plasticity interact along temperature
and precipitation gradients to determine plant performance under
climate change. Journal of Ecology, 105(5), 1358-1373. https://doi.
org/10.1111/1365-2745.12762

Niu, K., Choler, P., Zhao, B., & Du, G. (2009). The allometry of re-
productive biomass in response to land use in Tibetan alpine
grasslands. Functional Ecology, 23(2), 274-283. https://doi.
org/10.1111/j.1365-2435.2008.01502.x

Qesterheld, M. (1992). Effect of defoliation intensity on aboveground
and belowground relative growth rates. Oecologia, 92(3), 313-316.
https://doi.org/10.1007/BF00317456

Painter, E. L., Detling, J. K., & Steingraeber, D. A. (1993). Plant morphol-
ogy and grazing history: Relationships between native grasses and
herbivores. Vegetatio, 106(1), 37-62. https://doi.org/10.1007/BFO00
44857

Peper, J., Jansen, F., Pietzsch, D., & Manthey, M. (2011). Patterns of plant
species turnover along grazing gradients. Journal of Vegetation Science,
22(3), 457-466. https://doi.org/10.1111/j.1654-1103.2011.01260.x

Pérez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H.,
Jaureguiberry, P., ... Cornelissen, J. H. C. (2013). New handbook for
standardised measurement of plant functional traits worldwide.
Australian Journal of Botany, 61(3), 167-234. https://doi.org/10.1071/
BT12225

Pescador, D. S., de Bello, F., Valladares, F., & Escudero, A. (2015). Plant
trait variation along an altitudinal gradient in mediterranean high
mountain grasslands: Controlling the species turnover effect. PLoS
ONE, 10(3), 1-16. https://doi.org/10.1371/journal.pone.0118876

Pierce, S., Negreiros, D., Cerabolini, B. E. L., Kattge, J., Diaz, S., Kleyer,
M., ... Tampucci, D. (2017). A global method for calculating plant CSR
ecological strategies applied across biomes world-wide. Functional
Ecology, 31(2), 444-457. https://doi.org/10.1111/1365-2435.12722

Quiroga, R. E., Golluscio, R. A., Blanco, L. J., & Fernandez, R. J. (2010).
Aridity and grazing as convergent selective forces: An experiment
with an Arid Chaco bunchgrass. Ecological Applications, 20(7),
1876-1889. https://doi.org/10.1890/09-0641.1

R Core Team (2016). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Core Team.

Rolinski, S., Weindl, I., Heinke, J., Bodirsky, B. L., Biewald, A., & Lotze-
Campen, H. (2015). Pasture harvest, carbon sequestration and
feeding potentials under different grazing intensities. Advances in
Animal Biosciences, 6, 43-45. https://doi.org/10.1017/5204047001
4000521

Rémermann, C., Bucher, S. F., Hahn, M., & Bernhardt-Rémermann,
M. (2016). Plant functional traits - fixed facts or variable


https://doi.org/10.2307/1220980
https://doi.org/10.1890/04-0922
https://doi.org/10.1111/nph.13076
https://doi.org/10.1111/nph.13076
https://doi.org/10.1111/j.1365-2745.2010.01687.x
https://doi.org/10.1111/j.1365-2745.2010.01687.x
https://doi.org/10.1111/1365-2435.12116
https://doi.org/10.1111/1365-2435.12116
https://doi.org/10.1007/BF00410366
https://doi.org/10.1007/BF00410366
https://doi.org/10.1086/519400
https://doi.org/10.4236/ajps.2013.43067
https://doi.org/10.1016/j.flora.2018.11.008
https://doi.org/10.1111/j.1600-0587.2010.06904.x
https://doi.org/10.1111/j.1600-0587.2010.06904.x
https://doi.org/10.1111/j.1749-6632.1998.tb08993.x
https://doi.org/10.1111/j.1749-6632.1998.tb08993.x
https://doi.org/10.1111/j.1469-8137.2010.03388.x
https://doi.org/10.1111/j.1469-8137.2010.03388.x
https://doi.org/10.1007/s11104-015-2452-2
https://doi.org/10.1111/j.1466-8238.2006.00262.x
https://doi.org/10.1111/j.1466-8238.2006.00262.x
https://doi.org/10.1111/j.1365-2745.2011.01801.x
https://doi.org/10.1093/jexbot/51.345.659
https://doi.org/10.1093/jexbot/51.345.659
https://doi.org/10.1111/j.1365-2664.2010.01815.x
https://doi.org/10.1111/j.1365-2664.2010.01815.x
https://doi.org/10.1080/02827589509382904
https://doi.org/10.1080/02827589509382904
https://doi.org/10.1111/1365-2745.12762
https://doi.org/10.1111/1365-2745.12762
https://doi.org/10.1111/j.1365-2435.2008.01502.x
https://doi.org/10.1111/j.1365-2435.2008.01502.x
https://doi.org/10.1007/BF00317456
https://doi.org/10.1007/BF00044857
https://doi.org/10.1007/BF00044857
https://doi.org/10.1111/j.1654-1103.2011.01260.x
https://doi.org/10.1071/BT12225
https://doi.org/10.1071/BT12225
https://doi.org/10.1371/journal.pone.0118876
https://doi.org/10.1111/1365-2435.12722
https://doi.org/10.1890/09-0641.1
https://doi.org/10.1017/S2040470014000521
https://doi.org/10.1017/S2040470014000521

LANG ET AL.

690 WI LEY—ECOlOgy and Evolution

Open Access,

depending on the season? Folia Geobotanica, 51(2), 143-159. https://
doi.org/10.1007/s12224-016-9250-3

Rota, C., Manzano, P., Carmona, C. P., Malo, J. E., & Peco, B. (2017). Plant
community assembly in Mediterranean grasslands: Understanding
the interplay between grazing and spatio-temporal water avail-
ability. Journal of Vegetation Science, 28(1), 149-159. https://doi.
org/10.1111/jvs.12470

Ruppert, J. C., Harmoney, K., Henkin, Z., Snyman, H. A, Sternberg, M.,
Willms, W., & Linstadter, A. (2015). Quantifying drylands' drought
resistance and recovery: The importance of drought intensity, dom-
inant life history and grazing regime. Global Change Biology, 21(3),
1258-1270. https://doi.org/10.1111/gcbh.12777

Sack, L., Cowan, P., Jaikumar, N., & Holbrook, N. (2003). The ‘hydrol-
ogy’ of leaves: Co-ordination of structure and function in temperate
woody species. Plant, Cell & Environment, 26, 1343-1356. https://doi.
org/10.1046/j.0016-8025.2003.01058.x

Sasaki, T., Okayasu, T., Jamsran, U., & Takeuchi, K. (2008). Threshold
changes in vegetation along a grazing gradient in Mongolian
rangelands. Journal of Ecology, 96(1), 145-154. https://doi.
org/10.1111/j.1365-2745.2007.01315.x

Sasaki, T., Okubo, S., Okayasu, T., Jamsran, U., Ohkuro, T., & Takeuchi,
K. (2009). Two-phase functional redundancy in plant communities
along a grazing gradient in Mongolian rangelands. Ecology, 920(9),
2598-2608. https://doi.org/10.1890/08-1850.1

Siefert, A., Violle, C., Chalmandrier, L., Albert, C. H., Taudiere, A., Fajardo,
A., ... Wardle, D. A. (2015). A global meta-analysis of the relative
extent of intraspecific trait variation in plant communities. Ecology
Letters, 18(12), 1406-1419. https://doi.org/10.1111/ele.12508

Sinclair, T. R., Zwieniecki, M. A., & Holbrook, N. M. (2008). Low
leaf hydraulic conductance associated with drought tolerance
in soybean. Physiologia Plantarum, 132, 446-451. https://doi.
org/10.1111/j.1399-3054.2007.01028.x

Sneath, D. (1998). State policy and pasture degradation in Inner Asia.
Science, 281(5380), 1147-1148. https://doi.org/10.1126/scien
ce.281.5380.1147

Steinfeld, H., Gerber, P., Wassenaar, T., Castel, V., Rosales, M., & de
Haan, C. (2006). Livestock's long shadow: Environmental issues and op-
tions. Rome, Italy: Food and Agriculture Organization of the United
Nations (FAO).

Strahan, R. T., Laughlin, D. C., Bakker, J. D., Moore, M. M., Strahan, R. T.,
Laughlin, D. C., ... Moore, M. M. (2015). Long-term protection from
heavy livestock grazing affects ponderosa pine understory compo-
sition and functional traits. Rangeland Ecology & Management, 68(3),
257-265. https://doi.org/10.1016/j.rama.2015.03.008

Strasser, R. J., Srivastava, A., & Tsimilli-Michael, M. (2000). The fluores-
cence transient as a tool to characterize and screen photosynthetic
samples. In M. Yunus, U. Pathre & P. Mohanty (Eds.), Probing pho-
tosynthesis: Mechanisms, regulation and adaptation (pp. 445-483).
Bristol, UK: Taylor & Francis.

Stumpp, M., Wesche, K., Retzer, V., & Miehe, G. (2005). Impact of grazing
livestock and distance from water source on soil fertility in southern
Mongolia. Mountain Research and Development, 25, 244-251. https://
doi.org/10.1659/0276-4741(2005)025[0244:I0GLAD]2.0.CO;2

Tuvshintogtokh, I., & Ariungerel, D. (2013). Degradation of Mongolian
grassland vegetation under overgrazing by livestock and its recov-
ery by protection from livestock grazing. In N. Yamamura, N. Fujita
& A. Maekawa (Eds.), The Mongolian ecosystem network. Ecological
Research Monographs. Tokyo, Japan: Springer.

van Staalduinen, M. A. (2005). The impact of herbivores in a Mongolian
forest steppe. Doctoral thesis, Department of Biology, Utrecht
University, Utrecht.

Violle, C., Enquist, B. J., McGill, B. J.,, Jiang, L., Albert, C. H., Hulshof, C.,
... Messier, J. (2012). The return of the variance: Intraspecific vari-
ability in community ecology. Trends in Ecology and Evolution, 27(4),
244-252. https://doi.org/10.1016/j.tree.2011.11.014

Volf, M., Redmond, C., Albert, A. J., Le Bagousse-Pinguet, Y., Biella, P.,
Gotzenberger, L., ... de Bello, F. (2016). Effects of long- and short-
term management on the functional structure of meadows through
species turnover and intraspecific trait variability. Oecologia, 180(4),
941-950. https://doi.org/10.1007/s00442-016-3548-y

Véller, E., Bossdorf, O., Prati, D., & Auge, H. (2017). Evolutionary
responses to land use in eight common grassland plants.
Journal  of  Ecology, 105(5), 1290-1297. https://doi.
org/10.1111/1365-2745.12746

von Wehrden, H., Hanspach, J., Kaczensky, P., Fischer, J., & Wesche,
K. (2012). Global assessment of the non-equilibrium concept in
rangelands. Ecological Applications, 22(2), 393-399. https://doi.
org/10.1890/11-0802.1

von Wehrden, H., Wesche, K., & Miehe, G. (2009). Plant communities of
the southern Mongolian Gobi. Phytocoenologia, 39, 331-376. https://
doi.org/10.1127/0340-269X/2009/0039-0331

Walter, H., & Breckle, S.-W. (1994). Okologie der Erde: Geo-Biosphdre (2nd
ed.). Stuttgart, Germany: Fischer.

Wang, Y., Heberling, G., Gorzen, E., Miehe, G., Seeber, E., & Wesche,
K. (2017). Combined effects of livestock grazing and abiotic envi-
ronment on vegetation and soils of grasslands across Tibet. Applied
Vegetation Science, 20(3), 327-339. https://doi.org/10.1111/
avsc.12312

Weiher, E., van der Werf, A., Thompson, K., Roderick, M., Garnier, E., &
Eriksson, O. (1999). Challenging Theophrastus: A common core list of
plant traits for functional ecology. Journal of Vegetation Science, 10(5),
609-620. https://doi.org/10.2307/3237076

Wesche, K. (2007). Plant survival in southern Mongolian desert steppes
- Ecology of communities, interactions and populations. Habilitation
treatise, Martin-Luther-University Halle-Wittenberg, viewed 17
July 2018. Retrieved from https://sundoc.bibliothek.uni-halle.de/
habil-online/07/08H065/habil.pdf

Wesche, K., Ambarl, D., Kamp, J., Térok, P., Treiber, J., & Dengler, J.
(2016). The Palaearctic steppe biome: A new synthesis. Biodiversity
and Conservation, 25, 2197-2231. https://doi.org/10.1007/
s10531-016-1214-7

Wesche, K., & Treiber, J. (2012). Abiotic and biotic determinants of steppe
productivity and performance - A view from Central Asia. In M. J. A.
Werger & M. A. van Staalduinen (Eds.), Eurasian steppes. Ecological
problems and livelihoods in a changing world (pp. 3-43). Dordrecht, the
Netherlands: Springer.

Westoby, M. (1999). The LHS strategy scheme in relation to grazing and
fire. In D. Eldridge & D. Freudenberger (Eds.), VIth international range-
land congress (pp. 893-896). Townsville, Qld: International Rangeland
Congress.

Westoby, M., Falster, D. S., Moles, A. T., Vesk, P. A., & Wright, I. J. (2002).
Plant ecological strategies: Some leading dimensions of variation be-
tween species. Annual Review of Ecology and Systematics, 33, 125-
159. https://doi.org/10.1146/annurev.ecolsys.33.010802.150452

White, R., Rohweder, M., & Murray, S. (2000). Grassland ecosystems, pilot
analysis of global ecosystems: Grassland ecosystem technical report.
Washington, DC: World Resources Institute.

Williamson, S. C., Detling, J. K., Dodd, J. L., & Dyer, M. I. (1989).
Experimental evaluation of the grazing optimization hypothe-
sis. Journal of Range Management, 42(2), 149-152. https://doi.
org/10.2307/3899313

Woodward, F. I, Lake, J. A., & Quick, W. P. (2002). Stomatal develop-
ment and CO,: Ecological consequences. New Phytologist, 153(3),
477-484. https://doi.org/10.1046/j.0028-646X.2001.00338.x

Yang, L., Han, M., Zhou, G., & Li, J. (2007). The changes of water-use effi-
ciency and stoma density of Leymus chinensis along Northeast China
transect, Shengtai Xuebao. Acta Ecologica Sinica, 27(1), 16-24. https
://doi.org/10.1016/51872-2032(07)60006-7

Zemmrich, A. (2006). Vegetation-ecological investigations of rangeland
ecosystems in Western Mongolia: The assessment of grazing impact


https://doi.org/10.1007/s12224-016-9250-3
https://doi.org/10.1007/s12224-016-9250-3
https://doi.org/10.1111/jvs.12470
https://doi.org/10.1111/jvs.12470
https://doi.org/10.1111/gcb.12777
https://doi.org/10.1046/j.0016-8025.2003.01058.x
https://doi.org/10.1046/j.0016-8025.2003.01058.x
https://doi.org/10.1111/j.1365-2745.2007.01315.x
https://doi.org/10.1111/j.1365-2745.2007.01315.x
https://doi.org/10.1890/08-1850.1
https://doi.org/10.1111/ele.12508
https://doi.org/10.1111/j.1399-3054.2007.01028.x
https://doi.org/10.1111/j.1399-3054.2007.01028.x
https://doi.org/10.1126/science.281.5380.1147
https://doi.org/10.1126/science.281.5380.1147
https://doi.org/10.1016/j.rama.2015.03.008
https://doi.org/10.1659/0276-4741(2005)025%5B0244:IOGLAD%5D2.0.CO;2
https://doi.org/10.1659/0276-4741(2005)025%5B0244:IOGLAD%5D2.0.CO;2
https://doi.org/10.1016/j.tree.2011.11.014
https://doi.org/10.1007/s00442-016-3548-y
https://doi.org/10.1111/1365-2745.12746
https://doi.org/10.1111/1365-2745.12746
https://doi.org/10.1890/11-0802.1
https://doi.org/10.1890/11-0802.1
https://doi.org/10.1127/0340-269X/2009/0039-0331
https://doi.org/10.1127/0340-269X/2009/0039-0331
https://doi.org/10.1111/avsc.12312
https://doi.org/10.1111/avsc.12312
https://doi.org/10.2307/3237076
https://sundoc.bibliothek.uni-halle.de/habil-online/07/08H065/habil.pdf
https://sundoc.bibliothek.uni-halle.de/habil-online/07/08H065/habil.pdf
https://doi.org/10.1007/s10531-016-1214-7
https://doi.org/10.1007/s10531-016-1214-7
https://doi.org/10.1146/annurev.ecolsys.33.010802.150452
https://doi.org/10.2307/3899313
https://doi.org/10.2307/3899313
https://doi.org/10.1046/j.0028-646X.2001.00338.x
https://doi.org/10.1016/S1872-2032(07)60006-7
https://doi.org/10.1016/S1872-2032(07)60006-7

LANG ET AL.

at various spatial scale levels. Doctoral thesis, Ernst-Moritz-Arndt-
Universitat Greifswald, viewed 26 July 2018. Retrieved from https://
epub.ub.uni-greifswald.de/frontdoor/deliver/index/docld/606/file/
Diss_Zemmrich_2_Thesis.pdf

Zhao, W., Chen, S. P,, Han, X. G., & Lin, G. H. (2009). Effects of long-
term grazing on the morphological and functional traits of Leymus
chinensis in the semiarid grassland of Inner Mongolia, China.
Ecological Research, 24(1), 99-108. https://doi.org/10.1007/
s11284-008-0486-0

Zheng, S., Lan, Z., Li, W,, Shao, R., Shan, Y., Wan, H,, ... Bai, Y. (2011).
Differential responses of plant functional trait to grazing between
two contrasting dominant C3 and C4 species in a typical steppe
of Inner Mongolia, China. Plant and Soil, 340, 141-155. https://doi.
org/10.1007/s11104-010-0369-3

Zheng, S., Li, W,, Lan, Z., Ren, H., & Wang, K. (2015). Functional trait re-
sponses to grazing are mediated by soil moisture and plant functional
group identity. Scientific Reports, 5, 1-12. https://doi.org/10.1038/
srep18163

Zheng, S. X., Ren, H. Y., Lan, Z. C,, Li, W. H., Wang, K. B., & Bai,
Y. F. (2010). Effects of grazing on leaf traits and ecosys-
tem functioning in Inner Mongolia grasslands: Scaling from

Ecology and Evolution 691
2 e~ W1 LEY- |-

species to community. Biogeosciences, 7(3), 1117-1132. https://doi.
org/10.5194/bg-7-1117-2010

Zheng, S., Ren, H., Li, W., & Lan, Z. (2012). Scale-dependent effects
of grazing on plant C:N:P stoichiometry and linkages to ecosys-
tem functioning in the Inner Mongolia grassland. PLoS ONE, 7(12),
e51750. https://doi.org/10.1371/journal.pone.0051750

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Lang B, Ahlborn J, Oyunbileg M, et
al. Grazing effects on intraspecific trait variability vary with
changing precipitation patterns in Mongolian rangelands. Ecol
Evol. 2020;10:678-691. https://doi.org/10.1002/ece3.5895



https://epub.ub.uni-greifswald.de/frontdoor/deliver/index/docId/606/file/Diss_Zemmrich_2_Thesis.pdf
https://epub.ub.uni-greifswald.de/frontdoor/deliver/index/docId/606/file/Diss_Zemmrich_2_Thesis.pdf
https://epub.ub.uni-greifswald.de/frontdoor/deliver/index/docId/606/file/Diss_Zemmrich_2_Thesis.pdf
https://doi.org/10.1007/s11284-008-0486-0
https://doi.org/10.1007/s11284-008-0486-0
https://doi.org/10.1007/s11104-010-0369-3
https://doi.org/10.1007/s11104-010-0369-3
https://doi.org/10.1038/srep18163
https://doi.org/10.1038/srep18163
https://doi.org/10.5194/bg-7-1117-2010
https://doi.org/10.5194/bg-7-1117-2010
https://doi.org/10.1371/journal.pone.0051750
https://doi.org/10.1002/ece3.5895

