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ABSTRACT

Experimental studies of how global changes and
human activities affect plant diversity often focus
on broad measures of diversity and discuss the
implications of these changes for ecosystem func-
tion. We examined how experimental warming
and grazing affected species within plant groups of
direct importance to Tibetan pastoralists: medicinal
plants used by humans and palatable plants con-
sumed by livestock. Warming resulted in species
losses from both the medicinal and palatable plant
groups; however, differential relative vulnerability
to warming occurred. With respect to the percent
of warming-induced species losses, the overall
plant community lost 27%, medicinal plants lost
21%, and non-medicinal plants lost 40% of species.
Losses of palatable and non-palatable species were
similar to losses in the overall plant community.
The deep-rootedness of medicinal plants resulted in
lowered sensitivity to warming, whereas the shal-

low-rootedness of non-medicinal plants resulted in
greater sensitivity to warming; the variable rooting
depth of palatable and non-palatable plants
resulted in an intermediate response to warming.
Predicting the vulnerability of plant groups to
human activities can be enhanced by knowledge of
plant traits, their response to specific drivers, and
their distribution within plant groups. Knowledge
of the mechanisms through which a driver oper-
ates, and the evolutionary interaction of plants
with that driver, will aid predictions. Future steps
to protect ecosystem services furnished by medici-
nal and palatable plants will be required under the
novel stress of a warmer climate. Grazing may be
an important tool in maintaining some of these
services under future warming.
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INTRODUCTION

Global environmental changes and human activi-
ties are affecting the distribution and abundance of
plant species, with potential implications for eco-
system function and human well-being. Most
ecological experimental work on this topic falls into
two categories. The first type of study investigates
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how human activities and global changes affect
biodiversity (for example, Klein and others 2004;
Walker and others 2006), but does not distinguish
species according to their importance for human
well-being. The second type of study examines the
relationship between biodiversity and ecosystem
function (Schwartz and others 2000; Loreau and
others 2001; Tilman and others 2001; Zavaleta and
Hulvey 2004; Hooper and others 2005). These
experiments do not directly examine the relation-
ship between global change drivers and total or
plant group biodiversity; moreover, these studies
tend to focus on processes such as primary pro-
duction, nutrient cycling, and resistance to inva-
sion (Kremen 2005; Kremen and Ostfeld 2005;
Hooper and others 2005; Balvanera and others
2006). Neither type of study examines how global
changes and human activities affect the diversity of
species within plant groups of direct use to
humans. The lack of controlled experiments in real
ecosystems represents a gap in our understanding
of which plant groups directly utilized by humans
may be most vulnerable to which human activities
and what factors contribute to their relative
stability.

Here, we present results from a study of the
independent and combined effects of two drivers,
climate warming and grazing, on plant species
distinguished by the products they provide to a
Tibetan Plateau subsistence-oriented pastoral soci-
ety. Recent climate warming has already been
observed on the Tibetan Plateau (Thompson and
others 1993, 2000); moreover, future warming
there is predicted to be ‘‘greater than average”
(Giorgi and others 2001). Concurrent with these
climatic changes, land-use changes associated with
privatization and sedentarization are reportedly
increasing grazing pressures on the land (Miller
1999). Inversely, recent policies—driven by the
perception that overgrazing is the main cause of
rangeland degradation—are completely eliminating
domestic grazing from these rangelands (Yeh
2005). We examined how climate warming and
grazing altered the number of medicinal and pal-
atable plant species. Rather than focusing on
warming and grazing effects on overall plant
diversity, or on plant groups that affect a given
ecosystem function, we examined effects on the
species within two plant groups which are of direct
importance to pastoralists on the Tibetan Plateau.

Medicinal plants are an important group of plant
species on the Tibetan Plateau. Traditional Tibetan
medicine, and the plants and animals from which
these medicines are derived, have long been an
integral aspect of Tibetan life and society. In rural

areas, Tibetan medicine is the most accessible form
of health care and tends to serve the most impov-
erished Tibetans (Janes 1999; Salick and others
2006). As national and foreign demand for Tibetan
medicinal products is ‘skyrocketing’ (Salick and
others 2006), medicinal plants are becoming an
important commodity (Janes 1999; Law and Salick
2005). Data regarding the harvest, trade, and use of
Tibetan medicinal plants are scarce. In the Tibetan
Autonomous Prefecture of NW Yunnan Province,
non-timber forest products, which include medici-
nal plants, provide from 25 to 80% of Tibetan
household cash incomes (Xu and Wilkes 2004;
Salick and others 2005). In neighboring Nepal,
323,000 households (10% of all rural households)
harvest an estimated 7,000-27,000 tons of medici-
nal plants annually (Olsen 2005).

Palatable livestock forage is another important
group of plant species on the Tibetan Plateau.
Pastoralism has been the main form of subsistence
for its inhabitants for millennia (Miller 1998). In-
deed, the rangelands of the Tibetan Plateau are one
of the most extensive grazing systems in the world.
Herders have a diverse mix of livestock, including
yak, sheep, and horses. From their livestock,
herders obtain meat, dairy products, wool for
clothing and housing, fuel for heating and cooking,
transportation, income and capital. Across the
Plateau, supplemental feeding is low; rather, live-
stock primarily rely on the natural vegetation to
meet their energetic and nutritional requirements
(Miller 1999). Thus, the natural livestock forage on
the Tibetan Plateau is the foundation for many of
the important products on which the Tibetan pas-
toralists survive.

We sought to understand medicinal and palat-
able forage plant species’ responses to warming and
grazing using plant traits. Plant traits influence
both how species respond to environmental drivers
and affect ecosystem processes (Hooper and others
2005). Plant functional response types refer to
plants that share traits for responding to environ-
mental change, whereas plant functional effect
types refer to plants that have a similar effect on a
given ecosystem function, such as net primary
productivity (Leishman and Westoby 1992; Lavorel
and others 1997; Walker and others 1999; Diaz and
Cabido 2001; Hooper and others 2005). The plant
species within the medicinal and palatable forage
plant groups are each analogous to a functional
effects type in that plant species within each group
serve a common role in the ecosystem (with respect
to use by humans, for medicinal plants, and to use
by the livestock on which humans depend, for
palatable forage plants). We were interested in
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whether plant species within the medicinal and
palatable forage plant groups (that is, those that
serve a broad, but common role in the system) also
share traits by which they respond to environ-
mental and land-use drivers and whether this
mediates that group’s response to the drivers.
Current literature on the topic would suggest that
having more plant response traits represented
within a functional effect type (or, in this case, the
medicinal or palatable plant group) would make
that plant group more resistant or resilient to an
environmental driver (Chapin and others 1997;
Walker and others 1999; Yachi and Loreau 1999;
Diaz and Cabido 2001; Lavorel and Garnier 2002;
Hooper and others 2005).

The plant traits we examined were life history,
growth form, rooting depth, and flowering phe-
nology. All of these traits have been shown to
influence plant responses to environmental factors
and disturbances (Grime 1977; Golluscio and Sala
1993; Chapin and others 1996; Lavorel and others
1997; Price and Waser 1998; De Valpine and Harte
2001). We anticipated the perennial species would
be less sensitive to warming than the annual/
biennial species, because perennial species have
belowground reserves from which to better tolerate
or recover from environmental stresses. Similarly,
we predicted that deep-rooted species would be less
sensitive to warming than shallow-rooted species
for the same reason described for perennial versus
annual/biennial species. In addition, the microcli-
mate and resources experienced by shallow-rooted

species would likely be more impacted by warming
than those experienced by deep-rooted species.
Because we found that forb aboveground net pri-
mary productivity (ANPP) was resistant, whereas
graminoid ANPP was sensitive to warming (Klein
and others 2007), we predicted that forb species
numbers would be more resistant, whereas grami-
noid species numbers would be more sensitive to
warming. Finally, we anticipated that the early to
mid-season flowering species would be more
responsive to warming than the late-flowering
species, as was found in another high altitude
warming study (Price and Waser 1998).

We posed the following questions: what are the
independent and combined effects of experimental
warming and grazing on the number of medicinal
and palatable plant species? Is one plant group
relatively more vulnerable to species losses than
the other? Are plant traits associated with particu-
lar plant use groups? If so, do the traits possessed by
species within these plant groups or characteristics
of the drivers mediate the plant group responses?

METHODS

Site Description and Experimental
Design

We established our experiment at four sites within
the northeastern region of the Tibetan Plateau
(latitude 37°37’ N, longitude 101°12” E) (Figure 1).
Two sites were situated in meadow habitat along
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Figure 1. Left side: study site region. The asterisk indicates the approximate location of the experiment. Right side:
experimental design. We conducted this study at summer-grazed shrubland and winter-grazed meadow. Within each
habitat, we identified ““low’” and ““high”” grazing intensity history sites, for a total of four study sites. In each site, we fenced
a 30 x 30 m area, within which we established a fully factorial experimental design, with “OTCs (warming)” and
“clipping”” as our main treatments. We had four replicates per treatment.
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the valley floor at 3,200 m and two sites were sit-
uated in shrubland habitat on the higher slopes
encircling the valleys at 3,240 m elevation. These
two habitat types comprise approximately 35% of
the area of the Tibetan Plateau. Abiotic and biotic
site characteristics have been documented by Klein
and others (2004, 2005, 2007). We fenced each of
the four 30 x 30 m sites within which we laid out
16 plots in a 4 x 4 matrix (for a total of 64 plots)
(Figure 1). Within each site, we established a
complete factorial experimental design where we
simulated warming using open top chambers
(OTCs) and the defoliation effects of grazing
through selective clipping. We placed the conical
OTCs on the plots in September 1997. The OTCs,
which were 1.5-m diameter and 40-cm high, re-
mained on the plots year-round. The chambers
elevated growing season averaged daily air tem-
perature by 0.6-2.0°C. In some sites and years,
OTCs increased growing season averaged soil tem-
perature, measured at 12-cm depth, by 0.3-1.9°C.
The OTC effects on soil moisture, measured at 12-
cm depth, depended on habitat, grazing history,
and the presence or absence of clipping (Klein and
others 2005). We began the defoliation treatments
in the spring of 1998. In the winter-grazed mead-
ows, we clipped the plots prior to initiation of
growth in the early spring. In the summer-grazed
shrublands, we clipped the plots in mid-July. We
clipped plots to approximately 3 cm in height,
which is the height of the vegetation outside of our
fenced plots in the sites with a high grazing history.
The simulated grazing was selective in that we did
not clip plants that yak and sheep completely avoid
(Oxytropis spp., and Stellera chamaejasme). Moreover,
we plucked the shrub leaves and stem tips to sim-
ulate sheep browsing. To examine how well clip-
ping simulated the effects of actual grazing, in 2000
we established four replicated ‘‘grazing control”
(GC) plots situated outside of the fenced areas in all
four sites. We established these plots more than
5 m but less than 15 m away from the fence to
eliminate any ““fence’” effect but to be representa-
tive of the plots within the fenced area. Pairs of GC
plots were approximately 2 m apart from each
other.

Medicinal and Palatable Forage Plant
Groups

We identified all of the plant species present within
the study plots and characterized them with respect
to two main categories: medicinal properties and
palatability (Supplementary Appendix A). Plants
were characterized as either medicinal (possessing

medicinal properties) or non-medicinal (lacking
medicinal properties). Some of the plants that
possess medicinal properties were not necessarily
utilized as such by the local pastoral community in
our study region; however, we categorized these as
medicinal plants because they possess medicinal
properties which are utilized in other regions of the
Himalaya and the Tibetan Plateau. Plants were also
characterized as either palatable or non-palatable
to the main domestic livestock in the region: yak,
sheep, and horses. Non-palatable plants are those
that the livestock tend to avoid. There is certainly a
range of palatability along the palatable and non-
palatable continuum. However, because livestock
rely on the natural vegetation (and receive mini-
mal supplemental feed), they eventually graze both
the more and less palatable plants and tend to avoid
only the non-palatable plant species. Each plant
species was assigned to each of the two plant
groups. Assignment into the medicinal or non-
medicinal group was independent of assignment
into the palatable or non-palatable group. For
example, a given plant species was characterized as
medicinal or non-medicinal and as palatable or
non-palatable.

Although our two plant groups—medicinal and
palatable plants—are broadly defined, this catego-
rization is an important first step toward evaluating
potential future changes to plant species that are of
particular importance to human communities.
Moreover, certain technical barriers, such as the
complexity of Tibetan medicine and its lack of direct
comparison to Western medicine (Adams 2001)
preclude our further dividing medicinal plants into,
for example, groups according to uses for different
ailments. Thus, the “substitution approach” of
Kremen and others (1998) is beyond the scope of
this project. Furthermore, by using these broader
plant groupings, we can discuss potential implica-
tions for a broader set of users. For example, in the
rural areas of Tibet, there is a high degree of varia-
tion in plant use by medicinal practitioners due to
different traditions (with different medical lineages
dominating in different parts of Tibet), environ-
mental variation across the region, and different
types of afflictions in different regions (Salick and
others 2006). Thus, we have categorized medicinal
plants as those plants that have potential medicinal
uses broadly across the Plateau. Moreover, because
the relative species composition of herds can vary
over small distances on the Plateau (Ekvall 1968;
Miller 1999), the broader category of ‘‘palatable
plants,” versus more narrow distinctions according
to uses by different animal species, is more gener-
alizable across the region.
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We assumed that the number of species within a
plant-use group represents the robustness of that
plant-use group. That is, the greater the number of
species within the medicinal or palatable plant
group, the greater the magnitude of the product
provided by that plant-use group. For medicinal
plants, the more medicinal species present, the
more potential uses of these plant species and the
more potential ailments they can treat. Losing one
species could represent losing one treatment. There
may be some redundancy in terms of different
species treating similar ailments, but we assumed
little overlap. Similarly, Dobson and others (2006)
asserted that for provisioning ecosystem services
such as pharmaceutical drugs, the loss of an indi-
vidual species results in the loss of a “unit” of
ecosystem service. That is, a linear decrease in a
service occurs as each species is lost (Dobson and
others 2006). For palatable plants, overall ANPP
would also be a good indicator of the magnitude of
the goods provided by that plant-use group. Be-
cause we wanted to compare the responses of
medicinal and palatable plant groups to the treat-
ments, we used the common metric of species
numbers within a plant-use group. For palatable
plants, we also discuss the results with respect to
ANPP.

Plant Traits

We characterized plants with respect to four plant
traits: life history (perennial, annual/biennial),
growth form (forb, shrub, grass, sedge), rooting
depth (shallow, deep), and flowering phenology
(early blooming—May/June, average blooming—
July/August, late blooming—September) (Supple-
mentary Appendix A). Deep-rooted plants were
defined as plants whose majority of roots penetrate
to greater than 10 cm into the soil, whereas shal-
low-rooted plant roots were defined as plants
whose majority of roots are limited to the top
0-10 cm of the soil. For the analyses, we combined
grasses and sedges into the graminoid growth form.
Experts in medicinal and rangeland plants at the
Northwest Plateau Institute of Biology, Chinese
Academy of Sciences, conducted the plant-use and
plant trait categorizations.

Statistical Analyses

We conducted a split-plot, repeated measures AN-
OVA using SAS 9.1 (released 2002-2003) to iden-
tity significant treatment effects on species
numbers. The whole plot component consisted of
habitat, the split-plot component consisted of the
individual plots within each site, the treatments

were warm and clip and the repeated measure was
year. We used a first-order autoregressive covariance
structure for the repeated measure model. We had a
balanced study design and used the Tukey test to ad-
just for multiple comparisons. Our treatments were:
TcontroL = (N0 OTC, no dip); Twarm = (+OTC, no
cip); Teup=(no OTC, +clip); TwarmrcLr =
(+OTC, +clip). If a warm x clip interaction was
absent, we refer to an overall “warm effect” =
[(Twarm + Twarm=crLip)/2 — (TcontroL + Tcrrp)/2].
This describes the average effects of warming, in both
the presence and absence of clipping. If, however, a
warm X clip interaction was present, we describe
the effects of “warm (no clip)” = (Twarm —
Tcontror) and “warm  (+clip)” = (Twarm=crLp —
Tcrrp) separately. We follow the same convention for
the clipping effects.

We also conducted a split-plot, repeated mea-
sures ANOVA with the same structure as described
above, but where the treatment was warm x clip.
This captures the ‘“combined effects of warming
and clipping” = (Twarm+*crir — Tcontror)- If no
warm X clip interaction was present, the com-
bined treatments were strictly additive, where
(Twarm=cLrr — Tcontror) = [(Twarm — TcontroL) +
(Terre — Tcontror)]- That is, the combined treat-
ment effect was equal to the sum of the separate
warm (no clip) and clip (no warm) effects. If
an interaction was present, then (Twarm*crp —
TcontroL) = [(Twarm — TcontrOL) *+ (TcLip —
TcontrOL) + Interaction Effect]. Here, the combina-
tion of warm and clip interacted to create an effect
that was not represented by the sum of the indi-
vidual warm (no clip) and clip (no warm) effects.
Rather, the combined effect and the strictly addi-
tive effect differed by the sign and magnitude of the
interaction effect.

Because the number of species within each plant-
use group varied, we compared relative responses by
converting the results (number of species) into the
percent of species change (% species relative to pre-
treatment) within each plant-use group. With
respect to the warming treatment, we refer to this
value as ‘“‘percent of warming-induced species
change” = [(“number of species in warm plots”
— “number of species in non-warm plots”’)/*‘num-
ber of species in non-warm plots”’] x 100. The
number of species in the non-warm plots was from
the same year as the number of species in the warm
plots. We also conducted a split-plot, repeated
measures ANOVA to examine treatment effects on
the proportion of species represented within each
plant-use group relative to the proportion of species
in the non-plant-use group (for example, medicinal
versus non-medicinal plants). With respect to
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medicinal plants, we refer to this as “‘proportion of
medicinal plants” = (“number of medicinal plant
species present’’/’‘total number of plant species
present”’). Both the “‘percent of treatment-induced
species change”” and the treatment effects on the
“proportion of species within a plant group’” allowed
us to compare treatment effects on plant groups
despite differences in the initial number of species
present in each group. More species within a plant-
use group represent a more robust plant-use group.
Therefore, a larger % treatment-induced species loss
or proportional decline in a plant-use group indi-
cates a greater vulnerability of that plant-use group
to the treatment. To examine whether significant
associations existed between plant-use groups and
plant traits, we conducted a Chi-square (%) good-
ness-of-fit analysis. We examined all possible two-
way pairings of plant-use groups with plant-trait
groups using the crosstabs statistic in SPSS 11.5. We
present the Pearson y? statistic.

REsuLTS

Treatment Effects on Species Richness
Within Medicinal and Palatable Plant
Groups

Both medicinal and palatable plant groups experi-
enced species losses with warming. The warming-

induced species loss was independent of habitat. For
both plant groups, there was a significant
warm X year interaction, with no warming effect in
1998 and significant effects thereafter (Table 1).
Medicinal plants lost 4.0 species in 1999 (P = 0.001),
5.0 species in 2000 (P < 0.0001), and 5.7 species in
2001 (P < 0.0001), for an average loss of 4.9 species
overthe 3 years (Figure 2A). Palatable plantslost 4.4
species in 1999 (P < 0.0001), 5.5 species in 2000
(P < 0.0001),and 6.1 speciesin 2001 (P < 0.0001),
for an average loss of 5.3 species over the 3 years
(Figure 2B).

Clipping accurately simulated grazing effects on
species numbers within the medicinal and palat-
able plant-use groups (Supplementary Appendix
B). There were no significant differences between
the number of species in clipped and grazed plots
for both medicinal and palatable plants (Figure 3).
Species within both plant-use groups were resistant
to or enhanced by simulated grazing; this effect was
independent of habitat (Table 1). Clipping, which
had no significant effect on medicinal plant species
in all years (Figure 2A), initially increased palatable
plants by 2.3 species in 1998 (P = 0.04), with no
significant effects thereafter (Figure 2B).

The combined warm and clip treatment inter-
acted with year to affect species numbers, but was
independent of habitat (Table 2). For medicinal

Table 1. Treatment Effects on Species Numbers Within Plant-use and Plant-trait Groups Based on Split-plot, Repeated Measures
ANOVA
Model All Medicinal Non- Palatable Non- Deep- Shallow-
medicinal palatable rooted rooted

NDF DDF F P F P F P F P F P F P
Habitat 1 2 0.00  0.95 2.05 029 0.36  0.61 0.28  0.65 0.06 0.82 0.54 0.54
Warm 1 6 26.85 <0.0001 40.32 <0.0001 29.42 <0.0001 38.20 <0.0001 15.80 0.01 33.63 <0.0001
Hab x warm 1 6 0.01 0.91 0.00 0.97 0.04 0.85 0.14 0.73 0.01 0.94 0.00 0.99
Clip 1 6 1.17 0.32 0.67 0.44 4.24  0.09 1.77 0.23 0.44  0.53 0.92 0.37
Hab x clip 1 6 0.77 0.41 0.14 0.72 0.13 0.73 3.33 0.12 0.28 0.61 0.40 0.55
Warm x clip 1 6 0.02 0.88 0.67 0.44 0.17 0.69 0.00 0.95 0.01 0.94 0.59 0.47
Hab x warm x clip ] 6 0.48 0.52 0.07 0.80 0.99 0.36 0.51 0.50 0.35 0.58 0.06 0.82
Year 3 24 57.25 <0.0001 8.88 <0.0001 13.55 <0.0001 37.65 <0.0001 15.35 <0.0001 9.56 <0.0001
Hab x yr 3 24 1.86 0.16 3.30 0.04 1.19 0.34 1.66 0.20 1.05 0.39 3.74  0.02
Warm x yr 3 24 4.32 0.01 8.34 <0.0001 3.74 0.02 7.09 <0.0001 2.49 0.08 16.82 <0.0001
Hab x warm x yr 3 24 0.68 0.58 1.34 0.29 0.75 0.53 1.00 0.41 0.28 0.84 1.54 0.23
Clip x yr 3 24 1.59 0.22 0.34 0.80 2.76 0.06 1.28 0.30 0.71 0.56 0.61 0.62
Hab x clip x yr 3 24 0.54 0.66 0.68 0.57 0.87 0.47 0.77 0.52 0.53 0.67 0.43 0.73
Warm x clip x yr = 3 24 0.84 048 0.82 0.49 0.41 0.74 1.23 0.32 0.25 0.86 3.87 0.02
Hab x warm x 3 24 0.04 0.99 0.01 1.00 0.58 0.64 0.04 0.99 0.01 1.00 0.53 0.67

clip x yr

Treatments: warm, clip.
Split plot: hab (habitat); repeated measure: yr (year).

NDF, numerator degrees of freedom; DDF, denominator degrees of freedom.

Bold numbers, P < 0.05; bold and italicized numbers, 0.05 < P < 1.
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Figure 3. Mean number of species plus standard error for (A) medicinal plant species and (B) palatable plant species in
clipped plots (white bar with cross hatch) and grazed plots (black bar with cross hatch) in 2000 and 2001. Grazed plots were
outside of the fenced experimental plots and were grazed by yak and sheep. Repeated measures ANOVA revealed no
significant difference in species numbers between clipped and grazed plots for both plant-use groups (Supplementary

Appendix B).

Table 2.

Plant Groups Based on Split-plot, Repeated Measures ANOVA

Combined Warm and Clip Versus Additive Warm and Clip Effects on Species Numbers Within

Model All Medicinal Non- Palatable Non-
medicinal palatable
NDF DDF F P F P F P F P

Combined 1 2 5.54 0.14 10.38 0.08 3.52 0.20 6.05 0.13
Hab x combined 1 2 0.19 0.70 0.02 0.89 0.05 0.85 0.65 0.50
Combined x yr 3 12 2.77 0.09 3.57 0.05 13.71 0.00 7.84 0.00
Hab x comb x yr 3 12 0.44 0.73 0.47 0.71 0.50 0.69 0.85 0.49
Additive 1 2 2.44 0.26 15.98 0.06 5.59 0.14 2.26 0.27
Hab x additive 1 2 0.78 0.47 0.15 0.73 0.15 0.74 0.95 0.43
Additive x yr 3 12 2.79 0.09 6.78 0.01 22.14 0.00 5.17 0.02
Hab x add x yr 3 12 0.37 0.77 0.37 0.78 1.33 0.31 1.09 0.39

Treatments: combined, additive.

Split plot: hab (habitat),; repeated measure: yr (year).
NDF, numerator degrees of freedom;DDF, denominator degrees of freedom.

Bold numbers, P < 0.05; bold and italicized numbers, 0.05 < P < 1.

Models such as Hab, Yr, and Hab x Yr are omitted here because they are in Table 1.
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Figure 4. Additive (dashed line) and combined (solid line) warm and clip effects on (A) medicinal plant species numbers
and (B) palatable plant species numbers from 1998 to 2001. The combined effect = (Twarm=crLir — TcontrOL), Whereas the
additive effect = [(Twarm — TcontrOL) + (Tcrre — Tcontror)]. Double asterisks represent a significant combined or additive
effectat P < 0.05 for that year. Single asterisk represents a marginally significant effect at 0.05 < P < 0.1. ANOVA results

are presented in Table 2.

plants, there was no combined treatment effect in
1998. Medicinal plants then declined by 4.6 species
in 1999 (P = 0.02), 3.3 species in 2000 (P = 0.07),
and 3.8 species in 2001 (P = 0.04), for an average
loss of 3.9 species over the 3-year period (Fig-
ure 4A). Combined treatments marginally in-
creased palatable plants by 1.4 species in 1998
(P = 0.06). Palatable plants then declined by 4.8
species in 1999 (P = 0.03), 4.9 species in 2000
(P = 0.03), and 6.4 species in 2001 (P = 0.006), for
an average decline of 5.4 species over the 3-year
period (Figure 4B). For both medicinal and palat-
able plant species, the combined effects of warming
and clipping (Twarm+crie — Tcontror) initially
resulted in more species losses as compared to
the additive treatment effect [(Twarm — Tcon-
TROL) + (TcLIP — TcontroL)]. However, by the fourth
year of the study, the combined treatment effect
resulted in fewer species losses than the additive
treatment effect (Figure 4). In 2001, medicinal
plants lost 3.8 species under the combined model
and 5.9 species under the additive model; palatable
plants lost 6.4 species under the combined model
and 9.9 species under the additive model. That is,
for both medicinal and palatable plant species,
approximately 35% more species were lost under
the strictly additive effects of warming and grazing
as compared to the combined effects of warming
and grazing in 2001.

Relative Vulnerability of Medicinal and
Palatable Plant Groups to Warming

Because the initial number of species within each
plant-use group differed, we examined warming
effects on the proportion of species and the percent

of warming-induced species loss in different plant-
use groups. This allowed us to compare relative
responses between the plant-use groups. Because
clipping effects on species numbers were small in
comparison to warming effects, we do not discuss
clipping effects on the proportion of species and the
percent of clipping-induced species changes.
Warming had no effect on the proportion of
medicinal plant species in 1998, but had significant
effects in subsequent years (Table 3). Warming
increased the proportion of medicinal plants by
0.08 in 1999 (P = 0.001) and by 0.05 in both 2000
and 2001 (P = 0.03 and 0.05, respectively), for an
average increase of 0.06 over the 3-year period.
Commensurate decreases in the proportion of non-
medicinal plant species occurred. In contrast, the
proportion of palatable and non-palatable plant
species did not significantly change with warming
in all years (Table 3).

As reported previously, significant warming-in-
duced species losses occurred in both plant-use
groups from 1999 to 2001. Medicinal plants lost a
relatively smaller percent of species with warming
(21% averaged from 1999 to 2001) as compared to
the other plant-use groups and the overall plant
community. In contrast, non-medicinal plants lost
a relatively higher percent of species with warming
(40% averaged from 1999 to 2001) as compared to
the other plant-use groups and the overall plant
community (Figure 5A). Palatable and non-palat-
able plants experienced an intermediate percent of
species loss with warming (25 and 30%, respec-
tively, averaged from 1999 to 2001); this decline
was similar to the loss observed for the overall plant
community (27% averaged from 1999 to 2001)
(Figure 5B).
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Table 3. Treatment Effects on the Proportion of Plant Species Within Plant-use and Plant-trait Groups Based
on Split-plot, Repeated Measures ANOVA

Model All Medicinal Non- Palatable Non- Deep- Shallow-

medicinal palatable rooted rooted
NDF DDF F P F I4 F P F p F P F p

Habitat 1 2 1.47 0.35 1.48 0.35 7.63 0.11 7.63 0.11 1.35 0.36 1.35 0.36
Warm 1 6 9.36 0.02 9.45 0.02 0.15 0.71 0.15 0.71 13.15 0.01 13.15 0.01
Hab x warm 1 6 080 040 083 0.40 241 0.17 241 0.17 0.12 0.75 0.12 0.75
Clip 1 6 2.68 0.15 2.67 0.15 0.94 0.37 0.94 0.37 0.63 0.46 0.63 0.46
Hab x clip 1 6 0.01 0.93 0.01 0.95 4.16 0.09 4.16 0.09 0.03 0.88 0.03 0.88
Warm x clip 1 6 081 040 043 0.54 0.64 0.46 0.64 0.46 1.10 0.34 1.10 0.34
Hab x warm x clip 1 6 0.00 0.96 0.07  0.80 0.01 0.91 0.01 0.91 0.03 0.87 0.03 0.87
Year 3 24 7.20 <0.0001 5.42 <0.0001 19.60 <0.0001 19.60 <0.0001 2.02 0.14 2.02 0.14
Hab x yr 3 24 1.05 0.39 0.95 043 1.08 0.38 1.08 0.38 0.34 0.79 0.34 0.79
Warm x yr 3 24 296 0.05 2.62 0.07 0.30 0.83 0.30 0.83 1.99 0.14 1.99 0.14
Hab x warm x yr 3 24 0.80 0.51 0.83 0.49 0.72  0.55 0.72  0.55 0.69 0.57 0.69 0.57
Clip x yr 3 24 1.70 0.19 2.14 0.12 3.64 0.03 3.64 0.03 0.16 0.92 0.16 0.92
Hab x clip x yr 3 24 246 0.09 2.9 0.06 3.09 0.05 3.09 0.05 0.76 0.53 0.76 0.53
Warm x clip x yr 3 24 0.02 1.00 0.08 0.97 1.09 0.37 1.09 0.37 0.87 0.47 0.87 0.47
Hab x warm x clip 3 24 0.00 1.00 0.05 0.99 0.30 0.82 0.30 0.82 0.25 0.86 0.25 0.86

Treatments: warm, clip.

Split plot: hab (habitat); repeated measure: yr (year).

NDF, numerator degrees of freedom;DDF, denominator degrees of freedom.
Bold numbers, P < 0.05; bold and italicized numbers, 0.05 < P < 1.

Plant Traits and Medicinal/Palatable
Plant Groups

To evaluate whether the different plant group
responses to warming, as described above, were
related to plant traits, we examined % associations
between plant-use groups and plant traits
(Table 4). We also examined y® associations
between the medicinal and palatable plant-use
groups. The majority of medicinal plants were non-
palatable (61%) whereas less than half were
palatable (39%). Of the palatable plants, approxi-
mately half were medicinal (48%) and half were
non-medicinal (52%).

There was a significant ¥? association between
medicinal plant groups and growth form. Specifi-
cally, medicinal plants were primarily forbs (99%),
whereas non-medicinal plants were both forbs
(33%) and graminoids (67%). There was also a
significant x? association between medicinal plant
groups and rooting depth. In particular, 66% of
medicinal plants were deep-rooted, whereas 70%
of non-medicinal plants were shallow-rooted.
There were no significant 3 associations between
medicinal plant groups and life history and
between medicinal plant groups and phenology.
Seventy-seven percent of both medicinal and non-
medicinal plants were perennial. Moreover, the

majority of medicinal and non-medicinal plants
bloomed during July and August (65% for each
group). Of medicinal plants, only 10% were early
blooming species, whereas 25% were late bloom-
ing species; of non-medicinal plants, 13% were
early blooming, whereas 23% were late blooming.

There were significant y” associations between
palatable plant groups and growth form as well as
between palatable plant groups and life history.
Palatable plants consisted of both forbs (52%) and
graminoids (45%), whereas all non-palatable
plants were forbs (100%). Palatable plants were
almost all perennial (95%), whereas non-palatable
plants were a mixture of perennials (57%) and
annuals (43%). There was no significant x? asso-
ciation between palatable plant groups and rooting
depth. Of the palatable plants, 48% were shallow-
rooted and 52% were deep-rooted. Of non-palat-
able plants, 47% were shallow-rooted and 53%
were deep-rooted. There was also no significant x>
association between palatable plant groups and
phenology. The majority of palatable plants (67 %)
and non-palatable plants (60%) bloomed during
July and August. Of palatable plants, 14% were
early blooming species, whereas 19% were late
blooming species; of non-palatable plants, 8%
were early blooming, whereas 32% were late
blooming.
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Warming Effects on the Rooting Depth
Plant Trait

The associations between plant traits and plant
groups reported above suggest that rooting depth
could be responsible for the different plant group
responses to warming (as expressed by the percent
warming-induced species losses and the propor-
tional changes in plant groups). To examine the
link between plant group responses to warming
and rooting depth, we describe how shallow
and deep-rooted species responded to warming.

« Figure 5. Percent warming-induced species loss

(warmed species numbers relative to non-warmed spe-
cies numbers) from 1998 to 2001 for (A) medicinal and
non-medicinal plant species, (B) palatable and non-pal-
atable plant species, and (C) deep and shallow-rooted
plant species. We present the percent warming-induced
species loss for all species (the ‘plant community’) in all
three panels as a reference. We conducted the statistical
tests on species numbers (see Table 1 and Figures 2 and
6); however, we converted these into percent warming-
induced species losses for comparison purposes. There
were warm x clip effects on shallow-rooted species
numbers, as described in the text and presented in Fig-
ure 6. However, here we present warming effects aver-
aged over clip and non-clip plots to compare the warming
effects on shallow-rooted species to warming effects on
(1) deep-rooted species and (2) medicinal and palatable
plant-use groups (where warm x clip interactions were
absent).

Because it is unlikely that the other plant traits
were responsible for the different plant group re-
sponses to warming (we elaborate on this point in
the ““Discussion’” section), we do not present results
regarding how the other plant traits responded to
warming.

For both deep and shallow-rooted plant species,
there was a warm x year interaction with no effect
in 1998 and significant effects thereafter (Table 1).
These effects were independent of habitat. For
deep-rooted plants, the warming effect was also
independent of clipping. Warming decreased deep-
rooted plants by 4.0 species in 1999 (P = 0.01), 3.9
species in 2000 (P = 0.01), and 4.5 species in 2001
(P = 0.002) for an average loss of 4.1 species from
1999 to 2001. For shallow-rooted species, warming
also interacted with clipping such that the warm-
ing-induced species loss was greater in the absence
than in the presence of clipping. Warming in the
absence of clipping resulted in shallow-rooted
species losing 4.4 species in 1999 (P = 0.005), 6.7
species in 2000 (P < 0.001), and 7.6 species in
2001 (P < 0.001) for an average loss of 6.2 species
from 1999 to 2001. Warming in the presence of
clipping resulted in shallow-rooted species losing
4.9 species in 1999 (P = 0.002), 4.2 species in 2000
(P = 0.007), and 4.5 species in 2001 (P = 0.004) for
an average loss of 4.5 species from 1999 to 2001
(Figure 6).

From 1998 to 2001, warming increased the pro-
portion of deep-rooted species by 0.05, with a
commensurate decrease in the proportion of shal-
low-rooted species over the same timeframe; the
warming effect was independent of both habitat
and year (Table 3). The proportional changes in
deep and shallow-rooted plant species were similar
to the proportional changes in medicinal and non-



Warming Decreases Medicinal and Forage Plants 785

Table 4. y* Associations Among Plant Traits and Plant-use Groups

Model

Chi-square statistics

Group and trait associations’®

¥* value DF P-value Medicinal Non-medicinal

Medicinal vs:

Growth form 63.44 3 <0.005 Forbs Forbs/graminoids

Life history 0.927 3 0.819 Perennial Perennial

Rooting depth 13.46 1 <0.005 Deep Shallow

Phenology 0.251 2 0.882 Average blooming Average blooming

Palatability 12.97 1 <0.005 Not palatable Palatable
Palatability vs: Palatable Non-palatable

Growth form 32.6 3 <0.005 Forbs/graminoids Forbs

Life history 22.63 3 <0.005 Perennial Perennial/annual

Rooting fepth 0.014 1 0.907 Deep/shallow Deep/shallow

Phenology 3.09 2 0.213 Average blooming Average blooming

Medicinal 12.97 1 <0.005 Medicinal/not medicinal Medicinal

Growth form: shrub, forb, grass, sedge (graminoid = grass + sedge).
Life history: perennial, annual/biennial.

Rooting depth: shallow, deep.

Phenology: early, average, late blooming.

Top half shows associations between medicinal and non-medicinal plants and plant traits. Bottom half shows associations between palatable and non-palatable plants and

plant traits.

'Summary of results, for example, medicinals are mostly forbs, non-medicinals are forbs and graminoids.

—w— Warm (no clip)
\ —<— Warm (+ clip)

Difference in mean number of species plot'1

o

T T T T

1998 1999 2000 2001

Figure 6. Warming effects on shallow-rooted plant spe-
cies numbers in the absence of clipping (black triangles,
solid line) and in the presence of clipping (open triangles,
dashed line) from 1998 to 2001. “Warm (no clip)” = (7-

warM — rcontror) and “warm (+clip)” = (Twarm+cLr —
Tcrip). Asterisks represent a significant warm (no clip) or

warm (+clip) effect at P < 0.05 for that year. ANOVA
results are presented in Table 1.

medicinal plant species, respectively. In response to
warming, deep-rooted species lost an average of
20% species from 1999 to 2001. Shallow-rooted
species lost an average of 39% species from 1999 to
2001. The percent warming-induced species losses
for deep and shallow-rooted species reflected the
losses experienced by the medicinal and non-
medicinal plant groups, respectively (Figure 5C).

DiscussioN

Our results demonstrate that both medicinal and
palatable plant groups were vulnerable to species
losses with warming. These important plant-use
groups are likely to be wvulnerable to future
warming in this region of the Tibetan Plateau,
potentially leading to the reduced well-being of the
pastoralists. However, for some groups of species,
grazing can mitigate some of the negative warming
effects on species numbers. In previous work, we
demonstrated that experimental warming de-
creased palatable plant ANPP (Klein and others
2007). The warming-induced loss of palatable plant
species numbers and reduction in palatable plant
ANPP indicate a decrease in the robustness of that
plant-use group with warming.

Plant Group Responses to Warming
Versus Grazing

The different plant group responses to simulated
warming and grazing suggest that knowledge of the
mechanisms through which a driver operates, as
well as the evolutionary interaction of plants with
that driver, is critical for predicting which plant
group will be more resistant to which environ-
mental and land-use drivers. Warming and grazing
differ in their primary effects on plants. The pri-
mary warming effect is to directly alter microcli-
mate (Klein and others 2005), with maximum air
temperatures occasionally exceeding the mean
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heat tolerance temperature of plants (Klein and
others 2004). Thus, the species in our experimental
plots might lack resistance to the novel microcli-
mate conditions presented by experimental
warming. In contrast, the primary grazing effect is
the direct removal of plant biomass and litter. Be-
cause plants on the Tibetan Plateau evolved with
grazing, these plants have developed mechanisms
for persistence under grazing. Our results suggest
that the current policy of removing grazing from
the system in some regions of the Tibetan Plateau
(Yeh 2005) could be detrimental to some species.
Moreover, our finding that the combined warm
and clip treatment effect differed from the additive
warm and clip treatment effect suggests we cannot
predict the combined effects of environmental and
land-use drivers from single factor studies.

Plant Traits Mediate the Plant Group
Response to Warming

Knowledge of plant traits, their distribution within
a plant-use group, and their response to specific
drivers, can also enhance predictions of how that
plant group will respond to environmental and
land-use drivers. In our system, rooting depth
could explain the different plant group responses to
warming. Non-medicinal plants (the group rela-
tively more vulnerable to warming) were primarily
shallow-rooted species, whereas medicinal plants
(the group relatively less vulnerable to warming)
were primarily deep-rooted. Palatable and non-
palatable plants, which were both moderately
vulnerable to warming, had a relatively even
mixture of both deep and shallow-rooted plant
species. Warming can favor deep-rooted plant
species by two different mechanisms. First, warm-
ing could directly damage plants through occa-
sional heat stress or enhanced susceptibility to
freezing events (Klein and others 2004; Loik and
others 2004; Lambrecht and others 2007). Plants
with larger belowground reserves can both tolerate
and recover from these stressful physiological
events better than plants with smaller below-
ground reserves. For example, higher levels of
photosynthates could provide for greater cryopro-
tection or other acclimation mechanisms (Loik and
others 2004). Second, warming can affect plants by
altering the availability of soil resources (Chapin
and others 1995; Harte and others 1995). Because
warming increased nitrogen availability in this
study (Klein and others 2004), it is unlikely that
this resource explains differential responses to
warming between deep and shallow-rooted plants.
Warming at our site led to no change in soil

moisture (measured at 12-cm depth) averaged over
the growing season across all sites; however, at
certain sites, and at certain times during the
growing season, warming did decrease soil mois-
ture (Klein and others 2005). Moreover, the depth
of our soil moisture probes was generally beyond
the rooting depth of shallow-rooted species. The
warming-induced decreased decomposition rates of
litterbags placed at the soil surface (Klein and
others 2004) suggest that some amount of near
surface soil drying may have occurred at certain
periods of the study. If this was the case, the deep-
rooted species would be at an advantage over
shallow-rooted species with respect to greater
access to soil moisture pools. Another high eleva-
tion warming experiment found that warming
decreased the annual production and flowering
success of shallow-rooted forbs, but either in-
creased or had no effect on the production and
flowering success of deep-rooted forbs (De Valpine
and Harte 2001; Saavedra and others 2003).

None of the other traits we identified could
explain the differential responses to warming
between medicinal and palatable plant groups.
Although most medicinal plants were forbs, most
non-palatable plants were also forbs. Therefore, if
forbs were susceptible to warming, then the non-
palatable plants would have experienced similar %
species loss and proportional changes as the
medicinal plants. Because this was not the case,
growth form could not explain our results. Because
both medicinal and non-medicinal plants were
primarily perennial plants and also plants that
bloomed in July/August, the different responses of
medicinal versus non-medicinal plants can be
explained neither by life history nor by phenology.

The shared deep-rooted plant trait among most
medicinal plant species can explain this group’s
lowered vulnerability to warming as compared to
non-medicinal plants. Here, the vulnerability of
medicinal plants to a driver depends on whether
that driver favors deep or shallow-rooted plants: for
drivers that favor the former, medicinal plants will
do better; for drivers that favor the latter, medicinal
plants species will do worse. In contrast to the sit-
uation for medicinal and non-medicinal plants, the
distribution of plant rooting depths across palatable
and non-palatable plant groups was relatively
equitable. This relatively even distribution of plant
rooting depths across palatable and non-palatable
plant groups can explain these two groups’ similar
responses to warming and their intermediate sen-
sitivity to warming as compared to the medicinal
and non-medicinal plant groups. These results
suggest that palatable and non-palatable plant
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species are likely to be similarly and moderately
responsive to a driver (or a suite of drivers)
regardless of which rooting depth that driver fa-
vors. That is, some degree of resistance is built into
the response of the palatable plant group due to the
presence of both deep and shallow-rooted plant
species within this group. Thus, in our particular
case, deep-rooted plants (and, therefore, medicinal
plants) were most resistant to warming. However,
in a more general case, (1) where there is uncer-
tainty regarding how a given driver will affect plant
traits; or (2) where there are a suite of drivers that
might differentially affect plant traits, a plant-use
group comprised of species which do not share
similar plant traits is more likely to be resistant to
that driver, or suite of drivers (as demonstrated by
palatable and non-palatable plants). These findings
are consistent with the literature (Chapin and
others 1997; Walker and others 1999; Yachi and
Loreau 1999; Diaz and Cabido 2001; Lavorel and
Garnier 2002; Hooper and others 2005); however
our work extends this discourse beyond the main-
tenance of ecosystem function to the preservation
of plant groups that provide a common and direct
use to humans.

Implications for Ecosystem Services

Medicinal and palatable forage plant species can be
characterized as plant species that deliver provi-
sioning ecosystem services. The Millennium Eco-
system Assessment (MEA) describes provisioning
ecosystem services as the products obtained from
ecosystems (MEA 2003). We have already de-
scribed above how medicinal and palatable plants
provide important products to pastoralists and their
livestock on the Tibetan Plateau. Additionally, Ti-
betan medicine occupies a central social and cul-
tural role in modern Tibetan society (Janes 1999).
Janes (1999) argues that the success of Tibetan
medicine can be central to a process of cultural
revitalization in Tibet. Moreover, because Tibetan
culture, history, and identity are inextricably
linked to the Tibetan pastoral production system
(Ekvall 1968; Miller 1999), plants palatable to
domestic livestock are also essential to Tibetan
culture and identity. Our work, therefore, suggests
that important provisioning ecosystem services that
are of central importance to Tibetan culture and
identity may be vulnerable to future warming on
the Tibetan Plateau. Quantifying the impact of this
decline on local communities will require a socio-
economic analysis that is beyond the scope of this
work.

Conclusion

This study is an example of how to examine and
predict how global changes and human activities
may affect locally important and utilized plant
species in the near future. We conclude that the
nature of the drivers, the evolutionary interaction
of plants with those drivers, the way in which the
drivers affect plant traits, and the distribution of
plant traits within the plant-use groups, are all
important components for predicting the vulnera-
bility of these plant groups to environmental and
land-use drivers. We found that plant groups that
deliver important provisioning ecosystem services
and that are of central importance to Tibetan cul-
ture on the Tibetan Plateau are vulnerable to spe-
cies losses with warming. However, grazing
management can mitigate some of the negative
warming effects. The generality of our findings
regarding which plant groups are vulnerable to
which human activities should be tested in other
systems. Moreover, these findings illustrate the
relatively short-term response to warming and
grazing; understanding the long-term implications
of changing climate and land use will require an
analysis of a distinct set of response variables
associated with reproduction and recruitment. Fu-
ture steps to protect important plant groups that
furnish ecosystem services, particularly for people
who rely on subsistence-based livelihoods, will be
required under a warmer climate.
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