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Summary

1. The functional structure of plant communities can be altered by grazing through two main
mechanisms: species turnover (i.e. changes in species occurrence and relative abundance) and
intraspecific trait variability (ITV), which is driven by phenotypic responses of individual
plants and shifts in the relative abundance of genotypic variants within species. Studies of
grassland ecosystem function under grazing often focus on community changes induced by
species turnover, which ignores the effects of ITV on biomass productivity, soil carbon or
nutrient availability. By quantifying the relative contribution of both effects on shifts in com-
munity-wide traits, we highlight the role of ITV in community functional response to grazing
and its implications for ecosystem function in Tibetan alpine meadows.

2. We measured three chemical traits (LC: leaf carbon, LN: leaf nitrogen and LP: leaf phos-
phorus concentrations) and two morphological traits (SLA: specific leaf area, LDMC: leaf
dry matter content) that are critical components of plant production and forage quality in
grazed and ungrazed plots. Using variance decomposition of community-weighted means
(CWM) for these foliar traits, we distinguished the relative importance of ITV vs. change in
species occurrence and abundance in response to grazing and the associated changes in soil
carbon and nutrient availability.

3. The CWM for foliar nutrients and SLAcww increased in response to grazing together
with decreases in soil carbon and nutrient stores, especially LPcwy enrichment and loss of
available soil P. The LPcwn was strongly negatively correlated with LDMCcewn, Which was
significantly higher in ungrazed plots. These community-wide trait responses to grazing were
generally best captured by ITV and not changes in species occurrence and abundance,
although ITV was consistently correlated with species turnover for all traits.

4. Synthesis and applications. In response to continuous grazing, plants in Tibetan alpine
meadows increase specific leaf area and foliar nutrients but tend to have lower leaf dry mat-
ter content, a response consistent with faster growth and regrowth under grazing. This
intraspecific trait variability response drives a shift in community function from conservative,
slow-growing resource use in ungrazed meadows to exploitative resource use under grazing.
This community-wide functional response enhances forage quality, in turn favouring the sec-
ondary productivity of small herbivorous mammal communities, but also contributes to
accelerated depletion of soil available phosphorus. We discuss the implications of these
results for biodiversity conservation, ecosystem function and rangeland sustainability in the
Qinghai-Tibetan Plateau, especially with regard to managing grazing rotation to strike a bal-
ance between favouring secondary productivity of domesticated stock vs. small herbivorous
mammals.
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Introduction

Nomadic pastoralists have been active in the Qinghai-
Tibetan Plateau for millennia, gradually expanding
grasslands through use of fire and by grazing domesti-
cated yaks, sheep, goats and horses on rangelands also
used by wild mammalian herbivores (Miehe et al. 2009).
In recent decades, this nomadic, free-range grazing
regime (sensu Briske et al. 2011) has increasingly shifted
toward intensive, market-oriented grazing. There is evi-
dence that both socio-political and environmental
changes in the last century have contributed to degrada-
tion of these alpine rangelands. Increasing demand from
markets outside the region led to increased grazing pres-
sure, nomadism became restricted, grazing increasingly
became concentrated around settlements, the abundance
of small mammalian grazers such as the plateau pika
increased, and climate change adversely affected ecosys-
tem function (Miehe et al. 2009; Harris 2010; Cao et al.
2013). There is, however, little or no definitive evidence
for widespread degradation driven predominantly by any
one of these possible causes (Harris 2010). The alpine
plant communities are responding to many interacting
factors, varying in influence from place to place. This
situation provides an opportunity to investigate how
functional responses to grazing at the plant community
level can inform management strategies for rangeland
sustainability.

A promising way to understand the consequences of
grazing for management of rangeland sustainability is to
focus on how changes in trait composition at the plant
community level affect ecosystem function and services
(Lavorel & Garnier 2002; Diaz et al. 2007a; Suding et al.
2008; Mouillot et al. 2013). In this regard, the commu-
nity-weighted mean (CWM: the abundance-weighted
mean of a trait for species comprising a community) is
well-established as a meaningful measure of a trait func-
tional composition at the community level (Grime 1998;
Garnier et al. 2004; Diaz et al. 2007a; Lavorel & Grigulis
2012; Laughlin 2014). Changes in CWM, however, can
result from shifts not only in species composition (i.e.
change in species occurrence and relative abundance) but
also in intraspecific trait variability (ITV: Albert et al.
2010; Messier, McGill & Lechowicz 2010; Leps et al.
2011) associated with plastic environmental responses in
individual plants and shifts in the relative abundance of
genotypic variants within species (Diaz et al. 2007b;
Albert et al. 2010). Previous studies of grazing effects
have focused on the importance of species turnover in
changing community structure and ecosystem function
(Grime 2001; Diaz et al. 2004; Hooper et al. 2005). Only
recently have the possible effects of ITV been considered,
mostly from the point of view of community assembly
(Post et al. 2008; Jung et al. 2010; Bolnick et al. 2011;
Siefert et al. 2015). The influence of ITV on shifts in
ecosystem function following disturbance remains largely
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unstudied, especially in the case of biomass production
and soil fertility (Mason et al. 2011; Mouillot et al.
2013).

Species-specific changes in traits due to both phenotypic
responses of individual plants and genotypic differentia-
tion following grazing have been well documented (re-
viewed in Diaz et al. 2007b; Gibson 2009; Mason et al.
2011). For example, under continuous grazing, grassland
plants often decrease individual size (Diaz et al. 2007b)
and biomass allocation to vegetative growth (Niu er al.
2009), but enrich foliar nutrient concentrations (Bai et al.
2012) due to regrowth and shifts in nutrient allocation.
These patterns of ITV between grazed and ungrazed com-
munities may be more important than species turnover in
organizing community structure following grazing (Post
et al. 2008; Mouillot et al. 2013). This is especially true in
grasslands dominated by perennial species where grazing
can have relatively little effect on species occurrence and/
or relative abundance in the short term (Adler e al. 2004;
de Bello, Leps & Sebastia 2005; Cingolani, Posse & Col-
lantes 2005; Niu et al. 2010; Volf er al. 2016). To better
understand the importance of ITV on the functioning of
rangeland ecosystems, it is necessary to distinguish the rel-
ative contributions of ITV and species turnover to the
community functional response to grazing (LepS et al.
2011; Pérez-Ramos et al. 2012). Hence, in this paper we
examine the linkage between community functional struc-
ture and soil nutrient availability in response to grazing,
and assess the relative importance of ITV in shifting com-
munity functional structure following grazing in the alpine
meadows of the Qinghai-Tibetan Plateau.

We focus in particular on five well-studied functional
traits in the leaf economics spectrum (LES: Wright er al.
2004; Shipley et al. 2006) that are directly relevant to for-
age quality: three foliar chemical traits (LC: leaf carbon,
LN: leaf nitrogen, LP: leaf phosphorus concentrations)
and two foliar morphological traits (SLA: specific leaf
area, LDMC: leaf dry matter content) that can be impor-
tant indicators of both species performance and commu-
nity functional response to grazing (Lavorel & Garnier
2002; Diaz et al. 2007a; Garnier et al. 2007; Suding et al.
2008). There is a tight trade-offs among these LES traits
in response to environmental regimes at both the species
level (Shipley et al. 2006; Reich 2014) and the community
level (Pérez-Ramos et al. 2012; Prieto et al. 2015) with
consequences for the delivery of multiple ecosystem ser-
vices (Lavorel & Grigulis 2012). For instance, in response
to continuous removal of above-ground biomass by graz-
ing, the relative abundance of fast (re)-growing species
and individuals (e.g. with high SLA and leaf nutrient but
low LDMC) increases within the plant community (Diaz
et al. 2007b; Niu et al. 2010; Mouillot ez al. 2013), which
on the one hand can improve forage quality and
digestibility to the benefit of secondary production (Zhang
et al. 2014) but on the other hand depletes soil nutrient
availability to the detriment of sustainability (Mason
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et al. 2011). By delving into community-level changes in
these foliar traits under grazing, we seek to strengthen our
understanding of how and why grazing alters ecosystem
function on the Qinghai-Tibetan Plateau.

We use an exclosure experiment in five alpine meadows
widely distributed on the Qinghai-Tibetan Plateau to
assess: (1) whether grazing induces a community-wide
shift in these foliar traits; (ii) the degree to which any
shifts involve ITV vs. change in species occurrence and
relative abundance; and (iii) whether shifts in these com-
munity-wide traits under grazing are associated with
changes in soil nutrient availability. We consider these
results in relation to factors affecting rangeland sustain-
ability in the Qinghai-Tibetan Plateau and propose a
management framework that conserves intraspecific trait
variability to help ensure resilience of the rangeland
under rotational grazing across sites that vary in environ-
mental conditions.

Materials and methods

STUDY SITES

We compared the functional structure of plant communities in
grazed and ungrazed (exclosure) plots at five alpine meadow sites
separated by 150 to 1850 km and distributed from the eastern to
north-western parts of the Qinghai-Tibetan Plateau (Table 1,
Fig. S1, Supporting information). We chose these widely dis-
tributed sites not only to account for the impact of variation in
the local species pool on the structure of ecological communities
(Lessard et al. 2012) but also to detect dependence of trait-based
community functional response to grazing on possible regional
differences in environment and grazing history (de Bello, Leps &
Sebastia 2005; Carmona et al. 2012; Eldridge et al. 2016). Mean
annual temperature and precipitation as well as productivity, bio-
diversity, soil depth and nutrient availability generally decrease
from eastern sites (AZ, WLK and HY) to northern (QH) and
western (NQ) sites. Total vegetation cover in midsummer exceeds
80% at all sites. Vegetation height in grazed meadows ranges
from 10 to 20 cm in the northern and western sites to 30-50 cm
in eastern sites. Grazing has increased substantially at all sites in
the last three decades, primarily by domesticated yaks and also
sheep at drier sites such as WLK, QH and NQ. Small mammals
such as the plateau pika are a significant component of the wild

Table 1. Characterization of the five sites used in this study

grazer community that compete with larger domesticated stock
(Harris 2010; Wilson & Smith 2015).

EXPERIMENTAL DESIGN

We studied alpine meadows on level terrain, establishing exclo-
sures to prevent grazing during the peak growing season for
either 11 (WLK) or 3-5 years (Table 1). The exclosures excluded
both large and small vertebrate grazers. Grazing was allowed
within the exclosures during the non-productive winter months
for AZ, WLK and NQ, but excluded throughout the year for
YH and NQ. Outside of the exclosure, vegetation was moderately
grazed during all months except for 40-60 days between June
and mid-August when yaks and sheep were moved to high-
altitude pastures.

In June 2009, eight ungrazed plots separated by 2-8 m were
randomly set out within the previously established exclosures and
eight grazed plots separated by 2-20 m were randomly placed
between 300 and 500 metres outside the exclosure at each site.
Each 5 x 8 m plot was subdivided into a 25-m?> subplot for mea-
surement of plant traits and a 15-m? subplot for biomass harvest
and soil sampling in a 0-25-m* quadrat (Fig. S1, Supporting
information). The pairwise separation between quadrats at a site
ranged from 10 to 510 m (median = 180 m). The species—area
curve at our sites saturates (37-42 species) in the range of only
0-15-0-22 m?, and levels of both B diversity and soil heterogeneity
generally are low in a locality (Niu ez al. 2009, 2010, 2012; Yang
et al. 2012). Given the spatial configuration of our sampling
design, this should lead to low spatial autocorrelation effects in
our analyses of community composition. Nonetheless, to be con-
servative in our analyses, we explicitly took account of possible
spatial autocorrelation effects in the linear mixed model used to
analyse our data (Schank & Koehnle 2009).

TRAIT MEASUREMENTS

We measured three foliar chemical traits [LC: leaf carbon
(mg g "), LN: leaf nitrogen (mg g '), LP: leaf phosphorus con-
centrations (mg g~ )] and two foliar morphological traits [SLA:
specific leaf area (mm?” mg~'), LDMC: leaf dry matter content
(mg g~ ")] on all but a few infrequent species in the grazed as well
as in ungrazed 25-m? subplots at each site. The sampled species
(142 in total and 20-45 species in each site) accounted for 90—
98% of the above-ground biomass and 95-99% of vegetation
cover. In July 2009 and 2010, we sampled leaves from 5 to 20
random individuals to measure foliar traits for each species in

AZ HY WLK QH NQ
Location: Latitude 33°39'N 32°53'N 34°00'N 37°37N 31°25'N
Longitude 101°52'E 102°36'E 102°00'E 101°12'E 92°00'E
Altitude (m) 3508 3484 3485 3178 4486
Mean annual temperature (°C) 12 1-4 12 —-1.7 -2-1
Mean annual precipitation (mm) 620 690 620 560 406
Vegetation type Wet meadow Meadow Meadow Meadow Dry meadow
Grazing allowed in exclosures Winter No Winter No Winter
Ungrazed years in exclosures 3 4 11 5 3
Standing biomass in exclosures (g in 0-25 m?) 130 100 130 120 22
Species richness in exclosures (n in 0-25 m?) 22 21 28 29 14
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grazed and ungrazed plots at each site. For each species in grazed
and ungrazed plots at each site, we measured SLA and LDMC
on 10 leaves from different individuals, and measured foliar car-
bon and nutrient concentrations on three samples pooled from
the residual leaves to attain sufficient material for analysis. All
measurements of leaf traits followed standardized methods (Cor-
nelissen et al. 2003; He et al. 2006, 2008). This sampling design
respects the requirements for the sum of squares decomposition
method used to assess the relative importance of intraspecific
variability and change in species occurrence and abundance in
variation of community traits (Lep$ et al. 2011; de la Riva et al.
2016).

COMMUNITY AND SOIL MEASUREMENTS

From mid-August to early September 2009, we harvested above-
ground green parts (stems and leaves) in the 0-25-m> quadrat
within each of the 15-m? subplots at all the sites except HY,
which was harvested in 2010. We sorted the harvest from each
0-25-m? quadrat by species and oven-dried and weighed the
sorted material. We also collected and pooled three soil samples
from the 0- to 15-cm soil layer in the 15-m? subplot that were
homogenized, air-dried and sieved (2-mm mesh) for soil analyses.
Soil total C and N concentrations (mg g~') were determined by
elemental analysis (He et al. 2006), soil organic carbon concentra-
tions (mg g~') by the Walkley—Black method (Nelson & Som-
mers 1982) and soil available P concentrations (Olsen-P;
mg kg~') by a molybdate colorimetric test after perchloric acid
digestion (Sommers & Nelson 1972).

DATA ANALYSIS

We calculated the means of SLA and LDMC (10 replicates) as
well as LC, LN and LP (three replicates) for each species in
grazed and ungrazed plots in each site. We calculated the relative
abundance of each species in each quadrat as a ratio of above-
ground biomass of a given species to the community above-
ground biomass in each quadrat. The community-weighted means
(CWM) of the foliar traits were calculated for each quadrat as

n
CWM = Zpitraiti
i=1

where p; is the relative abundance of species 7, and trait; is the mean
trait value of species 7 in grazed or ungrazed plots in each site.

Grazing effect on community-wide traits and soil
nutrients

We used a linear mixed model with residual maximum likeli-
hood (REML) to assess the effect of sites and grazing on varia-
tion in the CWM of traits and soil nutrients. The model had the
following design: fixed = response — Site/Grazing, random = —1|
plot. ‘Grazing’ was nested in the ‘site’ effect, and individual
plots were taken as a random factor to account for any spatial
autocorrelation. This nested model reflects our focus on assess-
ing the grazing effect on community structure while taking
account of any species pool and site effects. Where necessary,
data were log-transformed to meet assumptions of normality
and homogeneity of variance. For the mixed models, we used
Ime functions in the /me4 package in R (Bates, Maechler &
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Bolker 2011). To visualize the overall relationships among the
CWM of leaf traits and soil nutrients in grazed and ungrazed
plots, we used generalized canonical discriminant and correlation
analyses (gCCA) with a nested linear model (grazing nested in
site effect). The gCCA was done in the candisc package
(Friendly & Fox 2013).

Intraspecific variability vs. change in species occurrence
and abundance

To distinguish the relative contribution of ITV vs. change in spe-
cies occurrence and abundance on changes in the CWM for each
foliar trait, we used a sum of squares decomposition following de
la Riva et al. (2016) adapted from Leps et al. (2011); see also
Asplund & Wardle (2014) and Jung et al. (2014). Assuming no
ITV, we first calculated CWMg,oq in each grazed plot from spe-
cies abundance in the grazed plot, but using the trait values mea-
sured in ungrazed plots at each site. This treats the difference
between observed CWM (i.e. CWMgpecific) and CWMgeq in the
grazed plots as an estimator of pure effects of intraspecific trait
change in response to grazing as though there was no ITV in
ungrazed plots. Then, for each ungrazed and grazed plot, we
recalculated P*CWMi,eq by the species presence/absence data
and traits in ungrazed plots. Thus, variation in P*CWMgyeq is
solely affected by species occurrence, while difference between
CWDMeiieq and P*CWMg,q indicates effects of species abundance
change on variation in CWM.

We then used a nested ANovA (grazing nested in site) to decom-
pose the total sum of squares (SS) into CWM variance compo-
nents attributable to the site effect, grazing effect and plot effect,
and finally quantified the relative contribution of ITV and change
in species occurrence and abundance and their covariance for
each component effect (LepS er al. 2011; Asplund & Wardle
2014; Jung et al. 2014; de la Riva et al. 2016). Note that in this
approach, the covariation is partitioned into two different com-
ponents (de la Riva et al. 2016): the covariation between ITV
and species turnover (Cov I = SS of CWMccific-SS of CWMjyeq-
SS of ITV) and covariation between species occurrence and abun-
dance [Cov II = SS of CWMgyeq-SS of P CWMjyeq-SS of abun-
dance effect (CWMjgyeq-"*CWMiiieq)]. All these analyses were
performed in r 3.1.0 (R Foundation for Statistical Computing,
Vienna, Austria).

Results

LINKING COMMUNITY-WIDE TRAITS TO SOIL NUTRIENT
AVAILABILITY IN RESPONSE TO GRAZING

In response to grazing, LCcwnm, LNcwm, LPowwm and
SLAcwnm  significantly  increased and LDMCcewn
decreased with decreased soil carbon and nutrient avail-
ability in most sites (Table 2, Fig. 1 and detailed in
Table S1, Supporting information). Irrespective of grazing
effect, soil nutrient and organic carbon decreased but
LDMCcwy increased from the AZ to NQ site (Fig. 1,
Table 2).

A strong inverse relationship between the LPcwn and
the LDMCcwwm separated the grazed vs. ungrazed plots
on the first axis of the gCCA, which accounts for 60% of
the variance (Fig. 1, P < 0-001). The increase in CWM
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values for leaf nutrients and for SLAcwwm significantly
correlated with a decrease in soil nutrients following graz-
ing, especially for enrichment of LPcwy and loss of soil
available P (Fig. 1, P < 0-001).

INTRASPECIFIC VARIABILITY VS. CHANGE IN SPECIES
OCCURRENCE AND ABUNDANCE

Overall, changes in CWM values among sites mostly
results from change in species occurrence and abundance,
but intraspecific trait variability drives grazing effects on
total variation in all leaf traits (Fig. 2). The contributions
of ITV to the site effect and the grazing effect on total
variation in CWM are significant for all leaf traits (Fig. 2,
P < 0-001, detailed in Table S2, Supporting information).
The contributions of species occurrence and abundance
change to site effect are significant for all traits, but the
contribution to grazing effect only for some traits (Fig. 2,
detailed in Table S2, Supporting information).

Although species turnover is more important than 1TV
in determining variation in CWM across sites, the large
negative covariance results in the site effect being weaker
than the grazing effect for total variation in CWM values
for all leaf traits except for LPcwwy (Fig. 2). In contrast,
large ITV coupled with small negative covariance results in
the grazing effect dominating the total variation in CWM
for all leaf traits (accounting for 30-74% of the variation,
Fig. 2, detailed in Table S2, Supporting information).

Discussion

Individual plant species have evolved foliar traits along
the leaf economic spectrum (LES) that mediate inherent

Canonical axis1 (60-4%)

trade-offs between growth and competitive abilities (Ship-
ley et al. 2006; Donovan et al. 2011), which in turn are
conditional on resource availability and the risk of her-
bivory (Wise & Abrahamson 2005, 2007). For example,
since mammal tissues are more N-rich than plant tissues,
mammalian foraging and digestive strategies often cue on
the N concentration of plant tissues and as a result pho-
tosynthetic gains from investment in higher foliar N may
well be offset by a greater risk of herbivory. Grazing in
turn can adversely impact soil carbon and mineral nutri-
ent stocks via mass effects arising in these functional trait
trade-offs at the plant community level (Lavorel & Grigu-
lis 2012). These sorts of three-way interactions among
plants, herbivores and soil resources condition the pri-
mary and secondary productivity of grasslands (Frank,
Kuns & Guido 2002) as well as the availability of carbon,
nitrogen and phosphorus in grassland soils (Bai er al.
2012; Schipanski & Bennett 2012; McSherry & Ritchie
2013; Xiong et al. 2014). Hence, at any point in time in a
grassland ecosystem, the community-weighted mean LES
values should provide a gauge of the balance struck in
the interactions among the plant community, the
resources available to the plants and the herbivore com-
munity.

Under resource limitation, slow-growing plant species
with a conservative strategy of resource use have long-
lived leaves with high LDMC and low foliar nutrients in
contrast to fast-growing species with an exploitative strat-
egy of resource use that have short-lived leaves with low
LDMC and high foliar nutrients (Shipley et al. 2006;
Reich 2014). Ungrazed or lightly grazed rangeland domi-
nated by species with longer-lived leaves, hence generally
should have lower community-weighted mean values for
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Fig. 2. Disentangling the relative impor-
tance of intraspecific trait variability vs.
changes in species occurrence and abun-
dance in determining site, grazing and plot
effects on wvariation in community
weighted traits (CWM) of leaf chemical
traits (a—c) and morphological traits (d
and e). All the site and grazing effects as
well as the contributions of intraspecific
trait variability are significant at P < 0-01
(detailed in the Table S2, Supporting

Site Grazing Plot Site

%N and higher LDMC (Pérez-Ramos et al. 2012), char-
acteristics favouring larger herbivores such as sheep and
yaks with foregut fermentation that requires and can
more efficiently process large quantities of lower-quality
forage (Miiller er al. 2013). Conversely, rangeland domi-
nated by plant species with shorter-lived leaves should
have higher community-weighted mean values for %N
and lower LDMC - characteristics favouring smaller her-
bivores such as pikas, marmots and hares with hindgut
fermentation that depend more on lower quantities of
higher-quality forage (Miiller e al. 2013). The shifts
observed in community-wide LES traits in response to
removal of grazing pressure at our Tibetan alpine sites
suggest that these three-way interactions involving graz-
ers, plants and soil resources have reduced availability of
soil phosphorus and shifted the alpine meadow communi-
ties to an exploitive resource use strategy that favours

Grazing  Plot

information). SLA: Specific leaf area,
LDMC: Leaf dry matter content

small, hindgut fermenters such as pikas to the detriment
of large, foregut fermenters such as yaks and sheep.

These three-way interactions among grazers, plants and
soil resources are influenced by species turnover across
our alpine meadow sites, but are consistently dominated
by the effects of intraspecific trait variation in response to
grazing at each site. While there are significant differences
in the values of the community-wide LES traits both
within and among plots at each site, the impact of grazing
clearly supersedes both local and regional variation
among plots (Figs 1 and 2). Compared with grazed plots,
ungrazed plots have notably higher soil carbon and avail-
able phosphorus, higher community-wide mean levels of
LDMC and lower levels of foliar P and N; these differ-
ences increase the longer a site has been protected from
grazing (Table 1, Fig. 1). Variation in community-wide
mean values for LES traits across sites and among plots
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within a site is largely due to change in species occurrence
and abundance, while the effects of grazing on commu-
nity-wide mean values for LES traits are always due more
to intraspecific trait variation (Fig. 2). Conversely, varia-
tion in the community-wide mean for foliar N is due
partly to change in species occurrence, which is consistent
with the effects of herbivores selectively feeding on plants
with higher foliar N (Miiller ez al. 2013).

While many studies have recognized the role of change
in occurrence and/or abundance in affecting changes in
the functional structure of communities at sites separated
spatially along resource gradients (Mclntyre 2008; Albert
et al. 2010; Messier, McGill & Lechowicz 2010; Leps
et al. 2011; Kichenin et al. 2013), the consistent changes
attributable to intraspecific responses to grazing that we
found have only recently been considered (Volf et al.
2016). This importance of intraspecific trait variability
(ITV) in the functional response of the plant community
to grazing is consistent with the expectation that high
ITV can confer greater resistance to disturbance at the
community level (Mouillot et al. 2013; Jung et al. 2014).
Conversely, a functional response driven by species turn-
over suggests community function will more likely be dis-
rupted by disturbance (Albert ef al. 2011; Bolnick et al.
2011; Violle et al. 2012). Grazing shifted community func-
tional structure in our Tibetan alpine meadows more
through variation among individual plants within species
than through change in occurrence and/or abundance.
Hence, community diversity did not significantly change
following grazing (Niu ez al. 2015a), which favours short-
term stability in the rangeland ecosystem (Volf et al.
2016).

The community-wide LES response to grazing appears
to arise not only in this scale-dependent inversion of LES
relationships, but also on fixed individual LES traits.
While the increase in CWM values for foliar nutrient and
SLA following grazing resulted from large ITV, there is a
small negative covariance with species turnover (Fig. 2).
This indicates that for dominant species, grazing selects
for faster-growing individuals with high foliar nutrient
content and SLA, but infrequent conservative species with
low foliar nutrient content and SLA have an advantage
under grazing (Leps et al. 2011; Volf et al. 2016). Consis-
tently, the decrease in LDMCcwy following grazing
involves a larger negative covariance between ITV and
species turnover, which indicates species with low LDMC
dominated in grazed plots, while most species tend to
increase in LDMC in response to grazing (Fig. 2e). These
negative covariance relationships between ITV and species
turnover arise mostly in the contrasting effects of grazing
on dominant species vs. infrequent species, for example
faster-growing species dominate in grazed plots but infre-
quent, conservative species can take advantage of grazing-
induced release from competition. These covariance
effects can also be influenced by various intrinsic con-
straints: (i) interspecific differences in the evolutionary
trade-offs among LES traits in their responses to
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environmental factors (Shipley ez al. 2006; Niu et al.
2015b); (ii) interspecific competition organized mainly for
light in ungrazed communities vs. soil nutrients in grazed
communities (Niu er al. 2015a); and (iii) selection pres-
sures for plastic responses in leaf foliar nutrient and SLA
that maximize short-term resource acquisition vs. LDMC
that maximize long-term competitive ability (Ryser & Eek
2000; Niu et al. 2015a). The small negative covariation
between effect of species occurrence and abundance
change for most traits further supports the balance
between maximizing short- vs. long-term fitness (Ryser &
Eek 2000), but the positive covariation for LNcwnm
reflects the strong influence of herbivores selectively feed-
ing on plants with higher foliar N (Miiller et al. 2013).
Although a shift in community functional composition
following grazing was consistently induced by ITV over
our five sites, the larger species turnover and negative
covariation in site effect suggest that among-sites differ-
ences may also be important. For instance, the ITV-
induced increase in LPcwy following grazing was signifi-
cant in meadows at favourable sites such as AZ, HY and
WLK, but not at the QH and NQ sites where environ-
mental conditions are relatively harsh (Table 2). Similarly,
the decline in soil available P due to grazing was signifi-
cant at the long-grazed WLK site (relative to ungrazed
plots) and at the dry site NQ, but not at the other sites.
This sort of site dependence in our results is consistent
with many previous studies that report differences in graz-
ing effects attributable to differences in climatological
conditions, grazing history and management (Diaz et al.
2007b; Carmona et al. 2015; Eldridge et al. 2016). Finally,
we note one other possibility: the large effect of species
abundance change within plots indicates a high dissimilar-
ity in trait composition among community replicates. This
suggests that we may have underestimated ITV within
communities due to (i) taking trait measurements at the
treatment rather than plot level and (i) sampling rela-
tively few community replicates at a small spatial scale.
Future studies exploring community responses to grazing
should further consider this range of possible effects.
These results have important management implications
because grazing shifts alpine meadow communities in the
Qinghai-Tibetan Plateau from a resource conservative
strategy to a resource exploitative strategy, which favours
smaller mammalian herbivores. High levels of herbivory
by small mammals combined with intensive stocking of
domesticated yaks and sheep for shipment to market in
turn have driven down the availability of soil phosphorus
(Hong, Wang & Wu 2014; Yang et al. 2014) and depleted
the soil carbon stock (Xiong et al. 2014). Similar
decreases in soil carbon, nitrogen and phosphorus due to
grazing have been reported world-wide (Schipanski &
Bennett 2012; McSherry & Ritchie 2013), and especially
in Chinese grasslands (Bai ez al. 2012; Xiong et al. 2014).
These decreases are often attributed simply to persistent
removal of above-ground biomass (Bai ef al. 2012;
McSherry & Ritchie 2013) or sometimes to more subtle
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grazing-induced species turnover that alters community
productivity (Mclntyre 2008; Pérez-Ramos et al. 2012).
Here, we show that grazing-induced intraspecific variabil-
ity can also contribute to changes in community function
that amplify the effects of above-ground biomass removal
and lead to depletion of soil carbon and available phos-
phorus. Phosphorus limitation in particular appears to
account for the stoichiometric imbalance in soil nutrients
(Yang et al. 2014) and losses of productivity in the Tibe-
tan (Xiong et al. 2014) and Inner Mongolian grasslands
(Bai et al. 2012) in recent decades. Since the recent work
by Siefert & Ritchie (2016) suggests that ITV can drive an
effective short-term response to grassland fertilization,
phosphate fertilization may prove useful as part of a man-
agement strategy to balance the three-way interaction
among plants, herbivores and soil resources to sustain
plant productivity in these alpine rangeland ecosystems
over the long term.

More immediately, however, our results suggest the
need to reduce grazing intensity by domesticated stock
so that the rangeland is not altered to the advantage of
smaller wild herbivores. There is clear evidence that pika
numbers are high on badly degraded rangeland (Zhao
et al. 2013), but current rodent control measures aimed
at improving degraded range (Wilson & Smith 2015) do
not solve the root cause of degradation in the first place,
namely domestic grazer overstocking. There is equally
clear evidence that plateau pikas can coexist sustainably
with domesticated stock under moderate levels of grazing
intensity (Zhao et al. 2013), which makes ecological sense
in terms of the contrasting foraging strategies associated
with differences in mammalian body size (Miiller et al.
2013). Plateau pika selectively forage on forbs rather
than graminoids (Jiang & Xia 1985; Wang er al. 1992),
leaving graminoids available to the larger-bodied domes-
tic stock that are well adapted to digesting their more
fibrous tissues. In principle, ongoing dynamic shifts in
the phenotypic traits and genotypic variants within
rangeland plant species (i.e. ITV) subject to moderate
grazing can ensure rangeland stability and resistance to
disturbance (Mouillot et al. 2013; Volf et al. 2016). With
proper stocking levels and good timing of rotational
grazing in the Qinghai-Tibetan Plateau, the intrinsic resi-
lience in the alpine meadow community due to ITV can
temper the degradation of the range associated with
species turnover that is observed under steady, intense
grazing pressure (Diaz et al. 2004; Mclntyre 2008; Pérez-
Ramos et al. 2012).
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