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In light of Harris (2010) ﬁnding insufﬁcient evidence to assert a causal linkage between any of the seven
previously proposed causative factors and grassland degradation on the Qinghai-Tibetan Plateau (QTP),
more recent empirical studies on QTP grassland degradation were explored to ascertain whether, in fact,
these factors are casually linked to grassland degradation. The mischaracterization of the underlying
causes of grassland degradation among policymakers has and continues to be an obstacle to sustainable
regional grassland management practices. Accumulating evidence suggests that privatization and sedentarization, small mammals, climate change, harsh environments, fragile soils, and overgrazing
contribute to grassland degradation. However, neither obsolete livestock husbandry methods nor the
recent conversion of rangelands to agriculture had a meaningful inﬂuence. Estimates of the total area of
degraded grasslands and the establishment of grassland degradation criteria have not been properly
addressed in the literature. Both omissions constitute the basis for investigating the causes of grassland
degradation across the QTP and the adoption of measures to manage these grasslands sustainably.
© 2019 The Authors. Published by Elsevier Inc. on behalf of The Society for Range Management. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION
Grassland degradation is a worldwide ecological problem
(Harris, 2010; Wu et al., 2014; Lu et al., 2017), posing a major global
threat to ecosystem functions and basic services (Lehnert et al.,
2014). Accordingly, it can lead to 1) greater soil erosion and
nutrient loss (Cao et al., 2013a; Huang et al., 2014; Li et al., 2014; He
and Richards, 2017; Lu et al., 2017; Li et al., 2018a), 2) increasingly
adverse effects on pastoralists’ livelihoods, food security, and way
of life (Harris et al., 2016), and 3) greater æolian erosion and dust in
the atmosphere (Huang et al., 2017).
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Harboring a grassland area of z1.5 million km2, the QinghaiTibetan Plateau (QTP) plays an important role in climate regulation and water resource security in Asia, while also contributing to
global carbon cycling and the protection of unique species (Foggin,
2008; Li et al., 2013a; Cai et al., 2015; Cao et al., 2018a). In the late
1990s, the impacts of grassland degradation drew increasing
attention from Chinese scientists and policymakers, when drought
in the Yellow River basin brought more frequent dust storms and
sandstorms from western China and Yangtze River ﬂoods adversely
affected the health and economic well-being of eastern China’s
population (Harris, 2010).
DETERMINING CAUSES OF DEGRADATION: SOURCES OF
COMPLEXITY AND CONFUSION
Area of Grassland Degradation on the QTP
In the past, most Chinese studies stated that z 90% of QTP’s
grasslands were degraded to some extent, although the lack of
documented surveys prevented a ﬁrm conﬁrmation of these estimates (Harris, 2010). At present, some studies still claim that most
grasslands on the QTP exhibit high levels of degradation (e.g., Ren
et al., 2013a; Wang et al., 2015a), whereas other studies have
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suggested ﬁgures of 50% (Dong et al., 2013; Wu et al., 2014), 40%
(Cai et al., 2015; Wang et al., 2016a), and even as low as 33% (Li et al.,
2013b) when estimating grassland degradation through vegetative
cover derived from remote sensing. However, obtaining an accurate
quantitative measure of vegetative cover remains a common and
recurring problem (Wang et al., 2012; Lehnert et al., 2015). Moreover, Liu et al. (2015a) pointed out that grassland degradation can
occur without any obvious reduction in vegetative cover.
Remote-sensing observations presently employed in assessing
grassland degradation cannot provide adequate proxies for
nutrient and water availability and therefore cannot serve to
distinguish whether low plant cover is the result of high grazing
pressure or a consequence of local site conditions. Accordingly,
chlorophyll concentration could be considered as an indicator of
plant health, as it can help to distinguish between the effects of
grazing and varying site conditions (Lehnert et al., 2015).

Criteria for Degradation
Standardizing the measurements of grassland degradation is
critical to assessing the status and extent of grassland degradation
(Wang et al., 2015b). As Harris (2010) pointed out, most Chinese
investigators assumed that a reduction of vegetative production or
primary productivity represents degradation and equate the level
of degradation with the level of reduction in production. Accordingly, 20 30%, 30 50%, and > 50% declines in productivity were
deemed to represent light, moderate, and heavy degradation,
respectively. However, such criteria can be considered imprecise
because no baseline has been set to relativize the reduction.
Grazing itself acts to reduce the biomass relative to a nongrazed
condition, but the presence of livestock in an area may have precluded it from being assigned a “nondegraded” status (Harris,
2010). However, in the studies of Wen et al. (2013) and Wu et al.
(2014), a nondegraded baseline (free grazing) was set, and four
further degrees of grassland degradation were based thereon: light,
moderate, heavy, and severe. No signiﬁcant differences in biomass,
coverage, or percentage of high-quality herbage were found between heavily and moderately degraded grassland. Again, this
suggests that these criteria may not reliably assess the extent of
grassland degradation. Furthermore, there is considerable overlap
between the criteria that are used to differentiate degradation
types, and thus a careful deﬁnition of degradation classes and
appraisal of the underlying causes of degradation are key issues in
the design and implementation of rehabilitation measures in these
rangelands (Li et al., 2012). Despite this, many Chinese studies
continue to use the criteria developed by (Ma et al. 2002) to
quantify the level of grassland degradation (Appendix 1).

Table 1
Grassland degradation criteria for the Qinghai-Tibetan Plateau employed by
researchers.
Studies

Criterion

Wu and Yang, 2011; Wang et al., 2013;
Liu et al., 2015a;
Wu et al., 2015a; Peng et al., 2017;
Shao et al., 2017;
Wu et al., 2017a; He and Richards, 2017
Ren et al., 2013b
Li et al., 2015a
Peng et al., 2015; Sun et al., 2015
Dong et al., 2015; Chai et al., 2017
Li et al., 2015b
Li et al., 2017
Wang et al., 2017
Li et al., 2018a

Dominant species

Periphyton biomass
Abundance of palatable grasses
Number of rodent holes
Stocking rates
Percentages of bare ground
Vector analysis approach
Distance from camps
Different fencing time
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Besides the common criteria for degradation cited earlier,
further criteria of greater or lesser efﬁciency have also been used
(see Table 1). For example, Yan and Lu (2015) found that the
Simpson dominance index did not differ between periods of grazing exclusion (6 8 yr) and periods of free grazing. Tang et al. (2015)
and Li et al. (2015a) found that the two dominant species (Kobresia
pygmaea [C.B.Clarke] C.B.Clarke and Kobresia humilis [C.A.Mey. ex
Trautv.] Serg.) and the diversity of alpine meadow and alpine
steppe were barely altered along gradients of degradation and that
physiological desiccation (decline in soil water content and retention) was an important driving factor in nonequilibrium vegetation
transitions.
POSSIBLE CAUSES OF GRASSLAND DEGRADATION ON THE QTP:
CURRENT STATE OF KNOWLEDGE
Many studies (e.g., Liu and Wang, 2007; Li et al., 2008; Chen
et al., 2013; Li et al., 2013a; Wang et al., 2015a) have discussed a
wide range of natural and anthropogenic factors that may
contribute to grassland degradation in the QTP region. These factors
can be categorized as (Harris, 2010): 1) a harsh environment and
fragile soils; 2) climate change, including declining precipitation,
warming, receding glaciers, and permafrost reductions; 3) small
mammal populations; 4) rangeland conversion to arable lands; 5)
obsolete livestock husbandry methods; 6) privatization and sedentarization; and 7) overgrazing, including overstocking arising
from increases in livestock, overstocking arising from an increase in
the population of pastoralists, and overstocking arising from socioeconomic incentives.
However, due to the lack of ecological and socioeconomic
baseline information for such a vast area, long-term monitoring
projects, and studies on driver interactions and feedback processes
(Fassnacht et al., 2015), the causes of the documented degradation
processes have remained contentious in the ﬁeld of grassland
ecology and environmental policy (Harris, 2010; Harris et al., 2015;
Wang et al., 2015b). In this paper, these causative factors will be
reevaluated. The exception will be the conversion of grassland to
farmland, an alteration in land use that the government has
recently prohibited across the entire QTP (Chen et al., 2015). The
discussion of factors contributing to grassland degradation on the
QTP will follow the point-by-point order of Harris (Harris, 2010),
based on empirical studies.
Grassland Degradation on the QTP Due to Harsh Environments and
Fragile Soils
Harris (2010) held the view that there was insufﬁcient evidence
that grassland degradation on the QTP was due to a harsh environment and fragile soils. However, Chinese researchers have
generally included the occurrence of natural disasters, such as
snowstorms and other adverse conditions, in their deﬁnition of a
“harsh environment” (Fu et al., 2012; Li et al., 2013c; Wu et al.,
2014; Wang et al., 2016c; Li et al., 2018b). In this context, harsh
environmental conditions could indicate a high fragility of grasslands to environmental disturbances, their high sensitivity to
climate change triggers in the Asian monsoon region, pronounced
feedbacks on climate change and human activities, or difﬁcult recovery when the grasslands are degraded (Wang et al., 2013; Li
et al., 2013a; Ren et al., 2013b; Chersich et al., 2015; Wang et al.,
2015a; Zhang et al., 2016; Wang et al., 2016a). A harsh environment could also be construed to mean that the climate’s frigidity
limits plant growth to a short period of 90 120 days, resulting in a
diminished forage yield (Dong et al., 2013). To meet economic
needs under such conditions, herders likely would increase livestock populations to compensate for the low efﬁciency of meat
production, leading, in turn, to overgrazing (Feng et al., 2013).
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Harsh environments also impact the partitioning of plant biomass
between roots and shoots. Given that available subsurface resources must be captured efﬁciently at the speciﬁc depths and
times they are available, relatively large root biomass is necessary.
This, however, requires high carbon maintenance costs, which must
be covered by comparatively small quantities of photosynthetically
active aboveground plant parts (Schleuss et al., 2015). This paper's
authors currently agree with Huang et al. (2017) that inherently
harsh environment conditions partially regulate QTP ecosystem
degradation.

Table 3
Effects of declining permafrost on the Qinghai-Tibetan Plateau on grassland
degradation.
Studies

Negative effect
Jin et al., 2011; Wang et al., 2011;
Yang et al., 2011; Wang et al., 2012;
Ye et al., 2013; Wang et al., 2015b;
Fassnacht et al., 2015; Liu et al.,
2015b; Wang et al., 2016b;
Mu et al., 2017; Wu et al., 2018

Grassland Degradation on the QTP Due to Climate Change
Climate change is seen to affect the QTP through a combined
reduction in precipitation and increase in temperature, which results in soil desiccation, receding glaciers, and reduced permafrost
€b et al., 2007; Mu et al., 2017). Signiﬁcant warming of the
depth (K€
aa
QTP’s soils (0.458 C decade 1 on average) between 1980 and 2014
was associated with a small but insigniﬁcant rise in precipitation.
Whereas most studies have focused solely on the effect of warming
on grassland degradation (Table 2), few have considered the combined effect of warming and slightly increased precipitation. In
these latter studies, the relationship between precipitation and
temperature was complex (Luo et al., 2016) and results were
inconsistent. Some studies (Piao et al., 2012; Liu et al., 2013; Wang
et al., 2013; Chen et al., 2014; Zhang et al., 2014; Piao et al., 2015;
Lehnert et al., 2016; Xu et al., 2018) found that recent years’
warm-wet climate was associated with an increase in grassland
productivity across the QTP region, but Wang et al. (2016a) found it
to have little effect on vegetation growth in alpine grasslands.
Zhang et al. (2016) found that enhanced rainfall, rather than
warming, signiﬁcantly reduced soil microbial diversity by changing
soil nutrients and moisture levels in alpine grassland ecosystems.
A reduction in permafrost also had complex effects on grassland
degradation (Table 3). The response of permafrost to a warming
climate included rising ground temperatures, a deepening active
layer, and a shrinkage of the total area of permanently frozen
ground (Jin et al., 2011). Peng et al. (2015) also investigated the
effect of the construction of engineered structures on permafrost
and concluded that such disturbances could lead to greater
permafrost degradation in warm (vs. cold) permafrost regions.
At present, despite these contradictory observations, and the
fact that most investigators drew on others’ work rather than

Table 2
Warming effect on grassland degradation and reasons on the Qinghai-Tibetan
Plateau.
Studies

Warming effect
Negative effect

Klein et al., 2004, 2007;
Li et al., 2011
Liu et al., 2012
Wu et al., 2013
Song et al., 2018

Wang et al., 2016a

Xue et al., 2014;
Zhang et al., 2015

Reduced species richness and decreased
rangeland quality
Caused grassland damage through
trophic interactions
Reduced plant reproductive output
due to their physiological response
Caused grassland damage through
variation in dust storm patterns
Reduced plant aboveground biomass
due to soil drying
Positive effect
Increased NPP due to warming being
beneﬁcial to grassland growth
Complicated effect
Reduced live vegetation of cultivated grassland
and alpine steppe but increased the live
vegetation of alpine meadow through
changes in soil water content and its gradients

Effect of reducing permafrost

Yi et al., 2014; Feng et al., 2016;
Wu et al., 2016

Shen et al., 2014; Cuo et al., 2015;
Zhou et al., 2015

Caused grassland degradation as
vegetation cover was signiﬁcantly
related to areas of permafrost
Resulted in lowered levels of ground
water or downward drainage of water
to deeper aquifers, leading to an
extremely dry topsoil, which is not
conducive to grassland growth
Reduced microbial activity in the
newly thawed permafrost
Increased risk of wind or rain
erosion at high altitudes
Accelerated decomposition of soil
organic matter
Weak effect
Weak correlations between:
release of carbon and disappearing
waterprooﬁng function of
permafrost, and
grassland degradation (vegetative
cover) and permafrost degradation
In the QTP’s arid area, permafrost has
little effect on soil organic carbon
Positive effect
Mitigated low-temperature stress
Promoted an active nutrient cycle
Lengthened the growing season

undertaking empirical research through remote sensing or ﬁeld
experiments, climate change is still considered a driver of grassland
degradation on the QTP (Appendix 2).
Grassland Degradation on the QTP Due to Small Mammals
Several studies suggest that grassland degradation on the QTP
can also be caused by overpopulation of small mammals, such as
zoko (Eospalax fontanierii) and pikas (Ochotona curzoniae) (Li et al.,
2012; Lu et al., 2012; Li et al., 2013c; Zeng et al., 2013; Qu et al.,
2015). Several research groups have presented arguments both
Table 4
Effect of small mammals on grassland degradation on the Qinghai-Tibetan Plateau
and reasons.
Studies

Effect of small mammals
Negative effect

Dong et al., 2013; Li et al., 2011; Peng Reduced both gross and aboveground
ecosystem production as burrow
et al., 2015; Harris et al., 2015; Su
density was negatively correlated
et al., 2015; Sun et al., 2015
with plant biomass
Caused grassland degradation by
burrowing through turf cover and
gnawing at herbs
Reduced rangeland value to
pastoralists through clipping and
burrowing activities
Worsened grassland degradation as
zokor-suitable habitats increase under
warm-wet conditions
Positive effect
Harris et al., 2014; Sun et al., 2015;
Reduced extinction risk of Tibetan fox
Smith et al., 2018
as pikas are prey of the Tibetan fox
Enhanced native biodiversity and
provided other important ecosystem
functions because some obligate
predators of pikas and endemic birds
nesting in pika burrows coexist
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for and against the involvement of small mammalsdeven at uncontrolled densitiesdin grassland degradation (Table 4). Harris
et al. (2015) found that under uncontrolled densities, pikas
appeared in some cases to promote the production of forbs, such as
Potentilla, while limiting the production of their preferred forage,
sedge. In other cases, similar densities of pikas appeared to restrict
production of Stipa or promote it. Therefore, as the threshold
density at which pikas are to be controlled remains undetermined,
rodenticide, which has negative environmental effects, and poses a
risk to nontarget species and hydrological function (Wilson and
Smith, 2015; Badingquiying et al., 2016), should be employed
with caution.
Grassland Degradation on the QTP Due to “Traditional Pastoral”
Management
Historically, through collective nomadism, the people living on
the QTP have played a crucial role in the formation and maintenance of the QTP’s vast grassland environments (Foggin, 2012; Cao
et al., 2018a). Traditionally, warm-season grazing is compatible
with conserving species diversity and sequestering nutrients in
topsoil, while cold-season grazing is suitable for sequestering nutrients in deeper soil strata; accordingly, periodic cold- and warmseason grazing would constitute a suitable and sustainable grazing
regime to maintain alpine meadows (Wu et al., 2017b). Others (e.g.,
Whitford and Steinberger, 2012; Wang et al., 2016a; Li et al., 2017)
also see migratory grazing as having the advantage of using the
heterogeneous and vast geographic space to adapt to the highly
variable resources and rich vegetative biomass. These researchers
view changes in the lifestyles of herdsmen as one of the main
factors causing peatland loss on the QTP (Yang et al., 2017).
The prejudice against mobile populations held by the numerically dominant sedentary agriculturalists, however, has led pastoralists to be accused of exploiting and misusing natural resources
(Cao et al., 2017). Thus, “traditional pastoral” practices have been
erroneously regarded as a cause of degradation by most Chinese
researchers (Harris, 2010; Yeh et al., 2017), although a small proportion of Chinese researchers believe that these practices are
consistent with long-term sustainability (Cao and Wang, 1995; Yan
et al., 2005; Zhang and Li, 2008; Ren et al., 2010). In recent years, a
growing number of Chinese scientists (e.g., Cao et al., 2011; Fu et al.,
2012; Cao et al., 2013a; Chen and Zhu, 2015; Wu et al., 2015b; Cai
and Li, 2016) have opted to support the view that collective grazing has distinct ecological, social, and economic advantages. These
researchers have used a series of empirical studies comparing individual household management practices with collective management practices (also termed multihousehold management
practices or group management). Some Chinese researchers (e.g.,
Wu et al., 2014), however, note that pastoral grazing systems can
still damage ecosystems at altitudes exceeding 4 000 m, where
natural productivity is limited and < 1.5 Mg ha 1 edible forage is
available. The shortage of forage, especially outside the growing
season, restricts the development of livestock farming. The
discrepancy between the forage supply and livestock demand will
inevitably lead to damage of the natural grassland ecosystems at
high altitudes (He et al., 2016).
Grassland Degradation on the QTP Due to Privatization and
Sedentarization
The Chinese government implemented policies in the 1990s that
required the privatization of user rights to pastures in order to
reduce perceived grassland degradation on the QTP (Yeh et al.,
2017). Only limited functionality, however, can be expected from
such a rigid and unidimensional land-use management approach,
given the highly diverse geographical and social features and
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Table 5
Quantitative and qualitative ecological and socioeconomic indicators for individual
household management patterns (IMPs) and collective (group) management patterns (CMPs).
Indicators
Ecological
Transhumance
Vegetation condition
Soil nutrient status
Water sources
Pasture-use efﬁciency
Pasture quality
Socioeconomic
Income
Cost
Equality
Livestock mortality
Milk production
Livestock limit agreement
Monitoring mechanism
Outside assistance
Social relations
Cultural heritage
Risk

CMP

IMP

Yes
Good
Good
Good
High
High

No
Poor
Poor
Poor
Low
Low

Higher
Lower
Yes
Lower
No change
Yes
Yes
Yes
Good
Better
Low

Lower
Higher
No
Higher
Decrease
No
No
No
Average
Worse
High

More details in Fu et al. (2012), Næss (2013), Chen and Zhu (2015), Gongbuzeren
and Li (2016), Yu and Farrell (2016), Wang et al. (2016c), and Cao et al. (2018b,
2018c).

climate variability in the QTP (Yu and Farrell, 2013). After grassland
privatization, the scope and space of available rangeland were
reduced, and traditional transhumance barely survived across the
QTP (Fu et al., 2012; Wang et al., 2016a; Li et al., 2017; Yang et al.,
2017). The mobility of livestock and opportunity to follow grass
and water, which characterized the herders’ past life, was destroyed
by the allocation of set pieces of land to individual households (Hua
and Squires, 2015). Li et al. (2017) found that pasture privatization
from 1984 to 1994 created a land-use regime shift that decreased
pastoral mobility and that the installation of iron fences as private
pasture borders from 2004 to 2007 marked the onset of degradation on the eastern QTP.
To explore the linkages between grassland privatization and
grassland degradation, several other researchers have compared
the ecological and sociometric beneﬁts between individual
household management patterns (IMP) and collective (group)
management patterns (CMP) as described earlier. These empirical
studies and the ecological and sociometric distinctions between
IMP and CMP are presented in Table 5. In inner Mongolia, fences
were removed by cooperating householders to pool pastoralists’
resources on their allocated land and to allow the practice of a
modiﬁed rotational grazing system (Hua and Squires, 2015). This
property regime, which reintroduces some nomadic elements, has
been shown to enhance long-term sustainable rangeland management in China’s Gansu Province (Hua and Squires, 2015), where
it increased the temporal and spatial scale of rotational stocking
(Shang et al., 2014).
To improve the welfare of nomads under the current policy of
privatization, the government has now launched a comprehensive
program subsidizing the establishment of stockyards and permanent settlements on winter pastures (Fassnacht et al., 2015). The
present livelihood adaption strategies related to sedentary grazing
have provided greater convenience to the local population, safer
drinking water, improved medical conditions, and economic profitability of the herding livelihood (Wang et al., 2015b; Wang et al.,
2016c). However, the expected beneﬁts from settlements have not
been forthcoming, and land degradation and pastoralist poverty
have not been eliminated (Yu and Farrell, 2016). For example,
livestock typically remain in fenced areas near the settlements or
overnight campsites, and thus grazing intensity and effects are

992

J. Cao et al. / Rangeland Ecology & Management 72 (2019) 988e995

highest near the settlements and the effect of trampling on the soil
and vegetation is exacerbated (Dorji et al., 2013; Lehnert et al.,
2014; Gongbuzeren et al., 2015). Furthermore, settlements have
led to the conversion of native meadows into pastures (Zhang et al.,
2012), while local grazing systems have raised dependence on
artiﬁcial feeding and inputs coming from outside the grazing system (Wang et al., 2016c). This has led to a decline in biodiversity
due to the increase in population size and growth rate (Wang et al.,
2015b).
Grassland Degradation on the QTP Due to Overgrazing
Much of the literature suggests that overgrazing is caused primarily by population growth and pressures from a market-based
economy (Harris, 2010; Yeh et al., 2017). Overgrazing reduces the
partitioning of assimilates to belowground biomass, which, in turn,
decreases the uptake of belowground resources, soil nutrients, and
moisture and reduces species richness, possibly triggering grassland degradation (Schleuss et al., 2015; Zhang et al., 2015; Zhang
et al., 2016; Chai et al., 2017). Overgrazing has clearly occurred in
certain regions of the QTP, though not throughout. Dong et al.
(2013) found that the rate of overstocking reached a level of
130% 140% in the Hainan and Huangnan Tibetan Autonomous
Prefectures. Based on the grassland area size or net primary productivity (NPP) per unit grassland, Huang et al. (2016) concluded
that there was overgrazing on the QTP. Others (e.g., Li et al., 2013c;
Wu et al., 2015b; Wang et al., 2016c) also found that there was a
positive correlation between population increase and livestock increase (Appendix 3).
Alternatively, an analysis by Cao et al. (Cao et al., 2013b)
concluded that there was little evidence from national data to
suggest that overgrazing, per se, is responsible for grassland
degradation across China’s pastoral grazing areas. From 2001 to
2013, herds of livestock were signiﬁcantly decreased due to the
livestock reduction policy on the QTP (Chen et al., 2014; Cai et al.,
2015; Wang et al., 2016c). Moreover, with the advancement of
industrialization and urbanization, a large proportion of herders
have moved to towns and cities to take advantage of better education for their children and to improve their quality of life, often
leasing their grasslands (Yeh and Gaerrang, 2011; Wu et al., 2015b;
Cao et al., 2018a). As the pastoral population declines, livestock
numbers may also decrease. In addition, some herders have
changed their food structure by eating less meat and more rice and
ﬂour to reduce daily expenses brought on by a market-based
economy (Fu et al., 2012; Wang et al., 2016c), which could, in
turn, reduce livestock population. This suggests that a population
increase may not be as highly correlated with overgrazing or
grassland degradation in the QTP, as suggested by Harris (2010) and
Cao et al. (2013a). A synthetic analysis of 61 studies carried out by
Lu et al. (2017) concluded that grazing intensity could lead to
greater loss of ecosystem function and, thus, ecosystem degradation. Harris et al. (2015), however, found that most plant species in
this region have coevolved to tolerate and perhaps beneﬁt from
periodic grazing at relatively high intensity.
Perspectives on Mitigating Degradation in the Face of New Evidence
On the basis of new empirical evidence subsequent to Harris
(2010), it is the present authors' view that climate change (see
Tables 2 and 3), small mammals (see Table 4), privatization and
sedentarization (see Table 5), harsh environmental conditions and
fragile soils, and overgrazing are contributing to grassland degradation in the QTP. Traditional pastoral management, however, does
not appear to contribute to grassland degradation in this region.
Estimations of the total area of degraded grassland, however, are
needed, and criteria for degradation have not yet been properly

addressed (see Table 1). These two factors are fundamental to
exploring the causes of grassland degradation and adopting measures for grassland management across the QTP. With capital efﬁciency and technical accuracy, the area of grassland degradation
must be determined accurately, and degradation criteria must be
set. As different grassland types manifest degradation in distinct
manners, criteria for each type may be necessary.
A mischaracterization among policy makers of the underlying
causes of grassland degradation in the QTP has presented obstacles
to current and past grassland management practices in the region.
The exclusion of livestock from certain pastures by establishing
fences, for example, is a common tool for conserving and restoring
native vegetation (Spooner et al., 2002; Da et al., 2012; Li et al.,
2013a). However, these policies have not been success full (Chen
et al., 2014). For example, the absence of grazing in remote areas
has led to a decrease in carbon sequestration (Silke et al., 2012);
likewise, livestock exclosures did not change seasonal patterns in
CO2, CH4, and N2O ﬂuxes (Da et al., 2012) or result in reductions in
annual productivity of palatable, perennial graminoids (Harris
et al., 2015). Moreover, fencing has had no signiﬁcant effects on
heavily and extremely degraded grasslands (Li et al., 2013a),
although establishing a perennial artiﬁcial grassland could be the
best strategy for restoring the black-soil-type grasslands native to
the QTP (Li et al., 2018a). The effects of such policies lose signiﬁcance with an increase in years since restoration (Li et al., 2014).
Privatization and sedentarization have negative impacts on ecosystems and society despite having positive impacts on livelihoods
and animal husbandry (Gongbuzenren et al., 2015), Therefore a
new management style based on individualized private ownership
of properties, such as group and multihousehold management, is
needed (Wang et al., 2015b). Innovative approaches should be
developed to provide social services and access to modern development for pastoralists who choose to remain in pastoral areas.
Such measures include the development of mobile medical facilities and schools or the application of modern telecommunication
technology to enhance medical and educational needs
(Gongbuzeren et al., 2015).
Overall rehabilitative measures should target the underlying
causes of degradation, which may vary geographically across the
region, to be effective and successful (Li et al., 2013b). Accordingly,
understanding the relationship between technical efﬁciency and
ecological performance would be helpful in balancing local economic development and environmental protection (Huang et al.,
2016). Furthermore, a rigorously quantiﬁable deﬁnition of “degradation” is still needed, despite the term’s ubiquitous application to
rangelands (Hruska, 2014). In the process of deﬁning grassland
degradation, more attention should be given to soil nutrients, plant
community characteristics, and ecosystem resilience rather than
focusing solely on plant biomass and species richness.

Funding
This work was supported by National Natural Science Foundation of China (41461109), the Major Program of the Natural Science
Foundation of Gansu province, China (18JR4RA002), the Key Laboratory of Ecohydrology of Inland River Basin, Chinese Academy of
Science (KLERB-ZS-16-01), and Opening Fund of Key Laboratory of
Land Surface Process and Climate Change in Cold and Arid Regions,
CAS (LPCC2018008).

Acknowledgments
The authors thank the editor and anonymous reviewers for their
valuable comments on the earlier versions of this manuscript.

J. Cao et al. / Rangeland Ecology & Management 72 (2019) 988e995

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.rama.2019.06.001.

References
Badingquiying, Smith, A.T., Senko, J., Siladan, M., 2016. Plateau Pika ochotona curzoniae poisoning campaign reduces carnivore abundance in southern Qinghai,
China. Mammal Study 41, 1e8.
Cai, H., Li, W.J. 2016. A study on efﬁciency and equity of rangeland management on
Qinghai-Tibet Plateau in different property right systems. Journal of Natural
Resources 31.1302 1309 (in Chinese).
Cai, H., Yang, X., Xu, X., 2015. Human-induced grassland degradation/restoration in
the central Tibetan Plateau: the effects of ecological protection and restoration
projects. Ecological Engineering 83, 112e119.
Cao, Y., Wang, Z.J. 1995. Perfecting grassland management mechanism to promote
the rational use of grassland resource. Journal of Natural Resources 10,79 84
(in Chinese).
Cao, J.J., Xiong, Y.C., Sun, J., Xiong, W.F., Du, G.Z., 2011. Differential beneﬁts of multiand single-household grassland management patterns in the Qinghai-Tibetan
Plateau of China. Human Ecology 39, 217e227.
Cao, J.J., Yeh, E.T., Holden, N.M., Yang, S.R., Du, G.Z., 2013a. The effects of enclosures
and land-use contracts on rangeland degradation on the Qinghai-Tibetan
Plateau. Journal of Arid Environments 97, 3e8.
Cao, J.J., Yeh, E.T., Holden, N.M., Qin, Y.Y., Ren, Z.W., 2013b. The roles of overgrazing,
climate change and policy as drivers of degradation of China's grasslands.
Nomadic Peoples 17, 82e101.
Cao, J.J., Xu, X.Y., Deo, R.C., Holden, N.M., Adamowski, J.F., Gong, Y.F., Feng, Q.,
Yang, S.R., Li, M.T., Zhou, J.J., Zhang, J., Liu, M.X., 2018a. Multi-household grazing
management pattern maintains better soil fertility. Agronomy for Sustainable
Development 38, 6.
, A., Feng, Q., Liu, M.X., Zhang, J.,
Cao, J.J., Li, M.T., Deo, R.C., Adamowski, J.F., Cerda
Zhu, G.F., Zhang, X.B., Xu, X.Y., Yang, S.R., Gong, Y.F., 2018b. Comparison of
social-ecological resilience between two grassland management patterns
driven by grassland land contract policy in the Maqu, Qinghai-Tibetan Plateau.
Land Use Policy 74, 88e96.
Cao, J.J., Holden, N.M., Adamowski, J.F., Deo, R.C., Xu, X.Y., Feng, Q., 2018c. Can individual land ownership reduce grassland degradation and favor socioeconomic
sustainability on the Qinghai-Tibetan Plateau? Environmental Science & Policy
89, 192e197.
Cao, J.J., Gong, Y.F., Yeh, E.T., Holden, N.M., Adamowski, J.F., Deo, R.C., Liu, M.,
Zhou, J.J., Zhang, J., Zhang, S.H., Yang, S.R., Xu, X.Y., Li, M.T., Feng, Q., 2017. Impact
of grassland contract policy on soil organic carbon losses from alpine grassland
on the Qinghai-Tibetan Plateau. Soil Use & Management 33, 663e671.
Chai, L., Hou, F., Bowatte, S., Cheng, Y., 2017. Effects of Yak grazing on plant community characteristics of meadow grasslands in the Qinghai-Tibetan Plateau.
China. EGU General Assembly Conference 19, 23-28 April, Vienna, Austria, pp.
3461.
Chen, H., Zhu, Q., Peng, C., Wu, N., Wang, Y., Fang, X., Wu, J., 2013. The impacts of
climate change and human activities on biogeochemical cycles on the QinghaiTibetan Plateau. Global Change Biology 19, 2940e2955.
Chen, B., Zhang, X., Tao, J., Wu, J., Wang, J., Shi, P., Zhang, Y., Yu, C., 2014. The impact
of climate change and anthropogenic activities on alpine grassland over the
Qinghai-Tibet Plateau. Agricultural & Forest Meteorology 189 190, 11e18.
Chen, D., Xu, B., Yao, T., Guo, Z., Cui, P., Chen, F., Zhang, T., 2015. Assessment of past,
present and future environmental changes on the Tibetan Plateau. Chinese
Science Bulletin 60, 3025e3035.
Chen, H.Y., Zhu, T., 2015. The dilemma of property rights and indigenous institutional arrangements for common resources governance in China. Land Use
Policy 42, 800e805.
Chersich, S., Rejsek, K., Vranov
a, V., Bordoni, M., Meisina, C., 2015. Climate change
impacts on the Alpine ecosystem: an overview with focus on the soilda review.
Journal of Forest Science 61 (11), 496e514.
Cuo, L., Zhang, Y., Bohn, T.J., Zhao, L., Li, J., Liu, Q., Zhou, B., 2015. Frozen soil
degradation and its effects on surface hydrology in the northern Tibetan
Plateau. Journal of Geophysical Research Atmospheres 120, 8276e8298.
Da, W., Xu, R., Wang, Y., Wang, Y., Liu, Y., Yao, T., 2012. Responses of CO2, CH4, and
N2O ﬂuxes to livestock exclosure in an alpine steppe on the Tibetan Plateau,
China. Plant & Soil 359, 45e55.
Dorji, T., Totland, Ø., Moe, S.R., 2013. Are droppings, distance from pastoralist camps,
and Pika burrows good proxies for local grazing pressure? Rangeland Ecology &
Management 66, 26e33.
Dong, Q.M., Zhao, X.Q., Wu, G.L., Shi, J.J., Ren, G.H., 2013. A review of formation
mechanism and restoration measures of “black-soil-type” degraded grassland
in the Qinghai-Tibetan Plateau. Environmental Earth Sciences 70, 2359e2370.
Dong, Q.M., Zhao, X.Q., Wu, G.L., Chang, X.F., 2015. Optimization yak grazing
stocking rate in an alpine grassland of Qinghai-Tibetan Plateau, China. Environmental Earth Sciences 73, 2497e2503.
Fassnacht, F.E., Li, L., Fritz, A., 2015. Mapping degraded grassland on the eastern
Tibetan Plateau with multi-temporal Landsat 8 dataewhere do the severely
degraded areas occur? International Journal of Applied Earth Observation and
Geoinformation 42, 115e127.

993

Feng, B.F., Zhao, X.Q., Dong, Q.M., Xu, S.X., Zhao, L., Cao, J., 2013. The effect of feed
supplementing and processing on the live weight gain of Tibetan sheep during
the cold season on the Qinghai-Tibetan Plateau. Journal of Animal and Veterinary Advances 12, 312e315.
Feng, Y., Liang, S., Wu, Q., Chen, J., Tian, X., Wu, P., 2016. Vegetation responses to
permafrost degradation in the Qinghai-Tibetan Plateau. Journal of Beijing
Normal University 52,311 316 (in Chinese).
Fu, Y., Grumbine, R.E., Wilkes, A., Wang, Y., Chu, J., Yang, Y., 2012. Climate change
adaptation among Tibetan pastoralists: challenges in enhancing local adaptation through policy support. Environmental Management 50, 607e621.
Foggin, J.M., 2008. Depopulating the Tibetan grasslands: national policies and
perspectives for the future of Tibetan herders in Qinghai Province, China.
Mountain Research & Development 28, 26e31.
Foggin, M., 2012. Pastoralists and wildlife conservation in western China: collaborative management within protected areas on the Tibetan Plateau. Transport
Research Policy & Practice 2, 17.
Gongbuzeren, Li, Y., Li, W., 2015. China's rangeland management policy debates:
what have we learned? Rangeland Ecology & Management 68, 305e314.
Gongbuzeren, Li, W.J. 2016. The role of market mechanisms and customary institutions in rangeland management: a case study in Qinghai Tibetan Plateau.
Journal of Natural Resources 31,1637 1647 (in Chinese).
Harris, R.B., 2010. Rangeland degradation on the Qinghai-Tibetan Plateau: a review
of the evidence of its magnitude and causes. Journal of Arid Environments 74,
1e12.
Harris, R.B., Zhou, J., Ji, Y., Zhang, K., Yang, C., Yu, D.W., 2014. Evidence that the
Tibetan fox is an obligate predator of the plateau pika: conservation implications. Journal of Mammalogy 95, 1207e1221.
Harris, R.B., Wang, W., Badinqiuying, Smith, A.T., Bedunah, D.J., 2015. Herbivory and
competition of Tibetan steppe vegetation in winter pasture: effects of livestock
exclosure and plateau pika reduction. Plos One 10, e0132897.
Harris, R.B., Samberg, L.H., Yeh, E.T., Smith, A.T., Wang, W., Wang, J., Gaerrang,
Bedunah, D.J., 2016. Rangeland responses to pastoralists’ grazing management
on a Tibetan steppe grassland, Qinghai Province, China. Rangeland Journal 38,
1e15.
He, S., Richards, K., 2017. Kobresia meadow degradation and its impact on water
status. Ecohydrology 10, e1844.
He, Y., Zhang, X., Yu, C., 2016. Coupling crop farming and pastoral system for
regional development and their ecological effects on the Tibetan Plateau.
Bulletin of Chinese Academy of Sciences 31,112 117 (in Chinese).
Hruska, T.V., 2014. Review of towards sustainable use of rangelands in north-west
China. Pastoralism 4, 11.
Hua, L., Squires, V.R., 2015. Managing China's pastoral lands: current problems and
future prospects. Land Use Policy 43, 129e137.
Huang, L., Xu, X., Shao, Q., Liu, J., 2014. Improving carbon mitigation potential
through grassland ecosystem restoration under climatic change in northeastern
Tibetan Plateau. Advances in Meteorology 379306, 11.
Huang, X.Z., Liu, S.S., Dong, G.H., Qiang, M.R., Bai, Z.J., Zhao, Y., Chen, F., 2017. Early
human impacts on vegetation on the northeastern Qinghai-Tibetan Plateau
during the middle to late holocene. Progress in Physical Geography 41,
286e301.
Huang, W., Bruemmer, B., Huntsinger, L., 2016. Incorporating measures of grassland
productivity into efﬁciency estimates for livestock grazing on the QinghaiTibetan Plateau in China. Ecological Economics 122, 1e11.
Jin, H.J., Luo, D.L., Wang, S.L., Lü, L.Z., Wu, J.C., 2011. Spatiotemporal variability of
permafrost degradation on the Qinghai-Tibet Plateau. Sciences in Cold & Arid
Regions 3, 281e305.
€€
Ka
ab, A., Chiarle, M., Raup, B., Schneider, C., 2007. Climate change impacts
on mountain glaciers and permafrost. Global & Planetary Change 56 (1e2),
viieix.
Klein, J.A., Harte, J., Zhao, X.Q., 2004. Experimental warming causes large and rapid
species loss, dampened by simulated grazing, on the Tibetan Plateau. Ecology
Letters 7 (12), 1170e1179.
Klein, J.A., Harte, J., Zhao, X.Q., 2007. Experimental warming, not grazing,
decreases rangeland quality on Tibetan Plateau. Ecological Applications 17 (2),
541e557.
Lehnert, L.W., Meyer, H., Meyer, N., Reudenbach, C., Bendix, J., 2014. A hyperspectral
indicator system for rangeland degradation on the Tibetan Plateau: a case study
towards spaceborne monitoring. Ecological Indicators 39, 54e64.
Lehnert, L.W., Meyer, H., Wang, Y., Miehe, G., Thies, B., Reudenbach, C., Bendix, J.,
2015. Retrieval of grassland plant coverage on the Tibetan Plateau based on a
multi-scale, multi-sensor and multi-method approach. Remote Sensing of
Environment 164, 197e207.
Lehnert, L.W., Wesche, K., Trachte, K., Reudenbach, C., Bendix, J., 2016. Climate
variability rather than overstocking causes recent large scale cover changes of
Tibetan pastures. Scientiﬁc Reports 6, 24367.
Li, G., Liu, Y., Frelich, L.E., Sun, S., 2011. Experimental warming induces degradation
of a Tibetan alpine meadow through trophic interactions. Journal of Applied
Ecology 48, 659e667.
Li, Y., Dong, S., Wen, L., Wang, X., Wu, Y., 2013a. The effects of fencing on carbon
stocks in the degraded alpine grasslands of the Qinghai-Tibetan Plateau. Journal
of Environmental Management 128, 393e399.
Li, X.L., Gao, J., Brierley, G., Qiao, Y.M., Zhang, J., Yang, Y.W., 2013b. Rangeland
degradation on the Qinghai-Tibetan Plateau: implications for rehabilitation.
Land Degradation & Development 24, 72e80.
Li, X.L., Yuan, Q.H., Wan, L.Q., He, F., 2008. Perspectives on livestock production
systems in China. The Rangeland Journal 30, 211e220.

994

J. Cao et al. / Rangeland Ecology & Management 72 (2019) 988e995

Li, Y., Dong, S., Wen, L., Wang, X., Wu, Y., 2013. Assessing the soil quality of alpine
grasslands in the Qinghai-Tibetan Plateau using a modiﬁed soil quality index.
Environmental Monitoring & Assessment 185, 8011.
Li, Y.Y., Dong, S.K., Wen, L., Wang, X.X., Wu, Y., 2014. Soil carbon and nitrogen pools
and their relationship to plant and soil dynamics of degraded and artiﬁcially
restored grasslands of the Qinghai-Tibetan Plateau. Geoderma 213, 178e184.
Li, X., Perry, G.L.W., Brierley, G., Sun, H., Li, C., Lu, G., 2012. Quantitative assessment
of degradation classiﬁcations for degraded alpine meadows (heitutan), Sanjiangyuan, western China. Land Degradation & Development 25, 417e427.
Li, J., Zhang, F., Lin, L., Li, H., Du, Y., Li, Y., Cao, G., 2015a. Response of the plant
community and soil water status to alpine kobresia, meadow degradation
gradients on the Qinghai-Tibetan Plateau, China. Ecological Research 30,
589e596.
Li, Y., Dong, S., Liu, S., Zhou, H., Gao, Q., Cao, G., 2015b. Seasonal changes of CO2, CH4,
and N2O ﬂuxes in different types of alpine grassland in the Qinghai-Tibetan
Plateau of China. Soil Biology & Biochemistry 80, 306e314.
Li, L., Fassnacht, F.E., Storch, I., Bürgi, M., 2017. Land-use regime shift triggered the
recent degradation of alpine pastures in Nyanpo Yutse of the eastern QinghaiTibetan Plateau. Landscape Ecology 32, 1e17.
Li, W., Wang, J., Zhang, X., Shi, S., Cao, W., 2018. Effect of degradation and rebuilding
of artiﬁcial grasslands on soil respiration and carbon and nitrogen pools on an
alpine meadow of the Qinghai-Tibetan Plateau. Ecological Engineering 111,
134e142.
Li, Y., Tao, Y., Liu, W., Yu, G., 2018. Linking livestock snow disaster mortality and
environmental stressors in the Qinghai-Tibetan Plateau: quantiﬁcation based
on generalized additive models. Science of the Total Environment 625, 87e95.
Liu, Y., Mu, J., Niklas, K.J., Li, G., Sun, S., 2012. Global warming reduces plant
reproductive output for temperate multi-inﬂorescence species on the Tibetan
Plateau. New Phytologist 195, 427e436.
Liu, R., Zhao, H., Zhao, X., Zhu, F., 2013. Effects of cultivation and grazing exclusion
on the soil macro-faunal community of semiarid sandy grasslands in northern
China. Arid Soil Research & Rehabilitation 27, 377e393.
Liu, B., You, G., Li, R., Shen, W., Yue, Y., Lin, N., 2015a. Spectral characteristics of
alpine grassland and their changes responding to grassland degradation on the
Tibetan Plateau. Environmental Earth Sciences 74, 1e9.
Liu, M., Liu, G., Zheng, X., 2015b. Spatial pattern changes of biomass, litterfall and
coverage with environmental factors across temperate grassland subjected to
various management practices. Landscape Ecology 30, 477e486.
Liu, S.L., Wang, T., 2007. Aeolian desertiﬁcation from the mid-1970s to 2005 in the
Otindag Sand Dunes of Northern China. Environmental Geology 51, 1057e1064.
Lu, X., Kelsey, K.C., Yan, Y., Sun, J., Wang, X., Cheng, G., Jason, C.N., 2017. Effects of
grazing on ecosystem structure and function of alpine grasslands in QinghaiTibetan Plateau: a synthesis. Ecosphere 8, e01656.
Lu, X., Yan, Y., Fan, J., Wang, X., 2012. Gross nitriﬁcation and denitriﬁcation in alpine
grassland ecosystems on the Tibetan Plateau. Arctic Antarctic and Alpine
Research 44, 188e196.
Luo, S., Fang, X., Lu, S., Ma, D., Chang, Y., Song, M., Chen, H., 2016. Frozen ground
temperature trends associated with climate change in the Tibetan Plateau three
river source region from 1980 to 2014. Climate Research 67, 241e255.
Ma, Y. S., Lang, B. N., Li, Q. Y., Shi, J. J., Dong, Q.M. 2002. Study on rehabilitating and
rebuilding technologies for degenerated alpine meadow in the Yangtze and
Yellow River source region. Pratacultural Science 19,1 5 (in Chinese).
Mu, C.C., Abbott, B.W., Zhao, Q., Su, H., Wang, S.F., Wu, Q.B., Zhang, T.J., Wu, X.D.,
2017. Permafrost collapse shifts alpine tundra to a carbon source but reduces
N2O and CH4 release on the northern Qinghai-Tibetan Plateau. Geophysical
Research Letters 44, 8945e8952.
Næss, M.W., 2013. Climate change, risk management and the end of nomadic
pastoralism. International Journal of Sustainable Development & World Ecology
20, 123e133.
Peng, H., Ma, W., Mu, Y.H., Jin, L., Yuan, K., 2015. Degradation characteristics of
permafrost under the effect of climate warming and engineering disturbance
along the Qinghai-Tibet highway. Natural Hazards 75, 2589e2605.
Peng, F., Xian, X., You, Q., Huang, C., Dong, S., Liao, J., Duan, H.C., Wang, T., 2017.
Mechanisms control the soil organic carbon loss with grassland degradation in
the Qinghai-Tibet Plateau. EGU General Assembly Conference 19, 23-28 April,
Vienna, Austria pp 2519.
Piao, S.L., Yin, G.D., Tan, J.G., Cheng, L., Huang, M.T., Li, Y., Liu, R., Mao, J., Myneni, R.B.,
Peng, S., Poulter, B., Shi, X., Xiao, Z., Zeng, N., Zeng, Z., Wang, Y.P., 2015. Detection
and attribution of vegetation greening trend in China over the last 30 years.
Global Change Biology 21, 1601e1609.
Piao, S., Tan, K., Nan, H., Ciais, P., Fang, J., Wang, T., Vuichard, N., Zhu, B., 2012.
Impacts of climate and CO2 changes on the vegetation growth and carbon
balance of Qinghai-Tibetan grasslands over the past ﬁve decades. Global &
Planetary Change 98 99, 73e80.
Qu, J., Liu, M., Yang, M., Zhang, Z., Zhang, Y., 2015. Effects of fertility control in
plateau pikas (Ochotona curzoniae) on diversity of native birds on Tibetan
Plateau. Acta Theriologica Sinica 35:164 169 (in Chinese).
Ren, G., Shang, Z., Long, R., Hou, Y., Deng, B., 2013a. The relationship of vegetation
and soil differentiation during the formation of black-soil-type degraded
meadows in the headwater of the Qinghai-Tibetan Plateau, China. Environmental Earth Sciences 69, 235e245.
Ren, Z., Jiang, Z., Cai, Q., 2013b. Longitudinal patterns of periphyton biomass in
Qinghai-Tibetan Plateau streams: an indicator of pasture degradation? Quaternary International 313, 92e99.
Ren, J. Z., Hou, F. J., Xu, G., 2010. Conservation and inheritance of nomadic culture.
Pratacultural Science 27,5 10 (in Chinese).

Song, G., An, N., Ning, Z., He, Y., Shi, P., Zhang, J., He, N.P., 2018. Climate warming
impacts on soil organic carbon fractions and aggregate stability in a Tibetan
alpine meadow. Soil Biology & Biochemistry 116, 224e236.
Shao, Q., Shi, Y., Xiang, Z., Shao, H., Xian, W., Peng, P., Li, C., Li, Q., 2017. Monitoring
the grassland change in the Qinghai-Tibetan Plateau: a case study on Aba
County. Journal of the Indian Society of Remote Sensing 1, 1e12.
Shang, Z.H., Gibb, M.J., Leiber, F., Ismail, M., Ding, L.M., Guo, X.S., Long, R.G., 2014.
The sustainable development of grassland-livestock systems on the Tibetan
Plateau: problems, strategies and prospects. Rangeland Journal 36, 267e296.
Silke, H., Sebastian, U., Elke, S., Becker, L., Xu, X., Li, X., Georg, G., Georg, M., Yakov, K.,
2012. Effect of grazing on carbon stocks and assimilate partitioning in a Tibetan
montane pasture revealed by 13CO2 pulse labeling. Global Change Biology 18,
528e538.
Sun, F., Chen, W.Y., Liu, L., Liu, W., Lu, C.G., Smith, P., 2015. The density of active
burrows of plateau pika in relation to biomass allocation in the alpine meadow
ecosystems of the Tibetan Plateau. Biochemical Systematics & Ecology 58,
257e264.
Su, J., Aryal, A., Nan, Z., Ji, W., 2015. Climate change-induced range expansion of a
subterranean rodent: implications for rangeland management in QinghaiTibetan Plateau. Plos One 10, e0138969.
Smith, A.T., Badingqiuying, Wilson, M.C., Hogan, B.W., 2018. Functional-trait ecology
of the plateau pika Ochotona curzoniae (Hodgson, 1858) in the Qinghai-Tibetan
Plateau ecosystem. Integrative Zoology 14, 87e103.
Schleuss, P.M., Heitkamp, F., Sun, Y., Miehe, G., Xu, X., Kuzyakov, Y., 2015. Nitrogen
uptake in an alpine kobresia, pasture on the Tibetan Plateau: localization by 15
N labeling and implications for a vulnerable ecosystem. Ecosystems 18,
946e957.
Spooner, P., Lunt, I., Robinson, W., 2002. Is fencing enough? The short-term effects
of stock exclusion in remnant grassy woodlands in southern NSW. Ecological
Management & Restoration 3, 117e126.
Shen, M.G., Zhang, G.X., Cong, N., Wang, S.P., Kong, W.D., Piao, S.L., 2014. Increasing
altitudinal gradient of spring vegetation phenology during the last decade on the
Qinghai-Tibetan Plateau. Agricultural & Forest Meteorology 189 190, 71e80.
Tang, L., Dong, S.K., Sherman, R.E., Liu, S.L., Liu, Q.R., Wang, X.X., Su, X., Zhang, Y.,
Li, Y., Wu, Y., Zhao, H., Zhao, C., Wu, X.Y., 2015. Changes in vegetation composition and plant diversity with rangeland degradation in the alpine region of
Qinghai-Tibet Plateau. Rangeland Journal 37, 107e115.
€rzen, E., Miehe, G., Seeber, E., Wesche, K., 2017. Combined
Wang, Y., Heberling, G., Go
effects of livestock grazing and abiotic environment on vegetation and soils of
grasslands across Tibet. Applied Vegetation Science 20, 327e339.
Wang, Z.Q., Zhang, Y.Z., Yang, Y., Zhou, W., Gang, C.C., Zhang, Y., Li, J.L., An, R., Wang,
K., Odeh, I., Qi, G.J. 2016a. Quantitative assess the driving forces on the grassland
degradation in the Qinghai-Tibet Plateau, in China. Ecological Informatics
33,32 44.
Wang, X.Y., Yi, S.H., Wu, Q.B., Yang, K., Ding, Y.J., 2016b. The role of permafrost and
soil water in distribution of alpine grassland and its NDVI dynamics on the
Qinghai-Tibetan Plateau. Global & Planetary Change 147, 40e53.
Wang, J., Wang, Y., Li, S.C., Qin, D.H., 2016c. Climate adaptation, institutional change,
and sustainable livelihoods of herder communities in northern Tibet. Ecology &
Society 21, 5.
Wang, X.X., Dong, S.K., Sherman, R.E., Liu, Q.R., Liu, S.L., Li, Y.Y., Wu, Y., 2015a.
A comparison of biodiversity-ecosystem function relationships in alpine
grasslands across a degradation gradient on the Qinghai-Tibetan Plateau. Rangeland Journal 37, 45e55.
Wang, P., Lassoie, J.P., Morreale, S.J., Dong, S.K., 2015b. A critical review of socioeconomic and natural factors in ecological degradation on the Qinghai-Tibetan
Plateau, China. Rangeland Journal 37, 1e9.
Wang, J.S., Zhang, X.Z., Chen, B.X., Shi, P.L., Zhang, J.L., Shen, Z.H., Tao, J., Wu, J.S.,
2013. Causes and restoration of degraded alpine grassland in northern Tibet.
Journal of Resources & Ecology 4, 43e49.
Wang, Z.G., Yang, G.J., Yi, S.H., Wu, Z., Guan, J.Y., He, X.B., Ye, B.S., 2012. Different
response of vegetation to permafrost change in semi-arid and semi-humid
regions in Qinghai-Tibetan Plateau. Environmental Earth Sciences 66, 985e991.
Wang, G.X., Bai, W., Li, N., Hu, H., 2011. Climate changes and its impact on tundra
ecosystem in Qinghai-Tibet Plateau, China. Climatic Change 106, 463e482.
Wen, L., Dong, S.K., Li, Y.Y., Li, X.Y., Shi, J.J., Wang, Y.L., Liu, D.M., 2013. Effect of
degradation intensity on grassland ecosystem services in the alpine region of
Qinghai-Tibetan Plateau, China. Plos One 8, e58432.
Whitford, W.G., Steinberger, Y., 2012. Effects of seasonal grazing, drought, ﬁre, and
carbon enrichment on soil microarthropods in a desert grassland. Journal of
Arid Environments 83, 10e14.
Wilson, M.C., Smith, A.T., 2015. The pika and the watershed: the impact of small
mammal poisoning on the ecohydrology of the Qinghai-Tibetan Plateau. Ambio
44, 16e22.
Wu, P., Zhang, H., Cui, L., Wickings, K., Fu, S., Wang, C., 2017a. Impacts of alpine
wetland degradation on the composition, diversity and trophic structure of soil
nematodes on the Qinghai-Tibetan Plateau. Scientiﬁc Report 7, 837.
Wu, G.L., Dong, W., Yu, L., Ding, L.M., Liu, Z.H., 2017b. Warm-season grazing beneﬁts
species diversity conservation and topsoil nutrient sequestration in alpine
meadow. Land Degradation & Development 28, 1311e1319.
Wu, X.D., Zhao, L., Fang, H.B., Zhao, Y.G., Smoak, J.M., Pang, Q.Q., Ding, Y.J., 2016.
Environmental controls on soil organic carbon and nitrogen stocks in the highaltitude arid western Qinghai-Tibetan Plateau permafrost region. Journal of
Geophysical Research Biogeo Sciences 121, 176e187.
Wu, G.G., Zhang, C.G., Xu, B.Q., Mao, R., Joswiak, D., Wang, N.L., Yao, T.D., 2013.
Atmospheric dust from a shallow ice core from tanggula: implications for

J. Cao et al. / Rangeland Ecology & Management 72 (2019) 988e995
drought in the central Tibetan Plateau over the past 155 years. Quaternary
Science Reviews 59, 57e66.
Wu, X.D., Zhao, L., Hu, G.J., Liu, G.M., Li, W.P., Ding, Y.J., 2018. Permafrost and land cover
as controlling factors for light fraction organic matter on the southern QinghaiTibetan Plateau. Science of the Total Environments 613 614, 1165e1174.
Wu, P.F., Zhang, H.Z., Wang, Y., 2015a. The response of soil macroinvertebrates to
alpine meadow degradation in the Qinghai-Tibetan Plateau, China. Applied Soil
Ecology 90, 60e67.
Wu, X.Y., Zhang, X.F., Dong, S.K., Cai, H., Zhao, T.R., Yang, W.J., Shao, J.L., 2015b. Local
perceptions of rangeland degradation and climate change in the pastoral society of Qinghai-Tibetan Plateau. Rangeland Journal 37, 11e19.
Wu, P., and Yang, D., 2011. Effect ofhabitat degradation on soil meso-and micro^ alpine meadow, Qinghai-Tibetan Plateau. Acta
faunal communities in the zoige
Ecologica Sinica 31,3745 3757 (in Chinese).
Wu, G.L., Ren, G.H., Dong, Q.M., Shi, J.J., Wang, Y.L., 2014. Above- and belowground
response along degradation gradient in an alpine grassland of the QinghaiTibetan Plateau. Acta Hydrochimica et Hydrobiologica 42, 319e323.
Xu, W., Zhu, M., Zhang, Z., Ma, Z., Liu, H.Y., Chen, L.T., Cao, G., Zhao, X., Schmid, B.,
He, J.S., 2018. Experimentally simulating warmer and wetter climate additively
improves rangeland quality on the Tibetan Plateau. Journal of Applied Ecology
55, 1e12.
Xue, X., Xu, M., You, Q., Peng, F., 2014. Inﬂuence of experimental warming on heat
and water ﬂuxes of alpine meadows in the Qinghai-Tibetan Plateau. Arctic
Antarctic & Alpine Research 46, 441e458.
Yan, Z.L., Wu, N., Doriji, Y., 2005. A review of rangeland and privatization and its
implication in the Tibetan Plateau, China. Nomadic Peoples 9, 31e51.
Yan, Y., Lu, X., 2015. Is grazing exclusion effective in restoring vegetation in
degraded alpine grasslands in Tibet, China? PeerJ 3, e1020.
Yang, Z., Hua, O., Zhang, X., Xu, X., Zhou, C., Yang, W., 2011. Spatial variability of soil
moisture at typical alpine meadow and steppe sites in the Qinghai-Tibetan
Plateau permaf rostregion. Environmental Earth Sciences 63, 477e488.
Yang, G., Peng, C., Chen, H., Dong, F., Wu, N., Yang, Y., Zhang, Y., Zhu, D., He, Y., Shi, S.,
Zeng, X., Xi, T., Meng, Q., Zhu, Q.U., 2017. Qinghai-Tibetan Plateau peatland
sustainable utilization under anthropogenic disturbances and climate change.
Ecosystem Health & Sustainability 3, 1e10.
Ye, B., Feng, H., Zhao, J., Fang, J., 2013. Microcalorimetry study on the microbial
activity of permafrost on the Tibetan Plateau of China. Journal of Thermal
Analysis & Calorimetry 111, 1731e1736.

995

Yeh, E.T., Gaerrang, 2011. Tibetan pastoralism in neoliberalising China: continuity
and change in Gouli. Area 43, 165e172.
Yeh, E.T., Samberg, L.H., Gaerrang, Volkmar, E., Harris, R.B., 2017. Pastoralist
decision-making on the Tibetan Plateau. Human Ecology 1, 1e11.
Yu, L., Farrell, K.N., 2016. The Chinese perspective on pastoral resource economics: a
vision of the future in a context of socio-ecological vulnerability. Revue Scientiﬁque et Technique 35, 523e531.
Yu, L., Farrell, K.N., 2013. Individualized pastureland use: responses of
herders to institutional arrangements in pastoral China. Human Ecology 41,
759e771.
Yi, S., Wang, X., Qin, Y., Xiang, B., Ding, Y., 2014. Responses of alpine grassland on
Qinghai-Tibetan Plateau to climate warming and permafrost degradation: a
modeling perspective. Environmental Research Letters 9, 074014.
Zeng, C., Zhang, F., Wang, Q., Chen, Y., Joswiak, D.R., 2013. Impact of alpine meadow
degradation on soil hydraulic properties over the Qinghai-Tibetan Plateau.
Journal of Hydrology 478, 148e156.
Zhang, Y., Gao, Q., Dong, S., Liu, S., Wang, X., Su, X.K., Tang, L., Wu, X., Zhao, H.D.,
2015. Effects of grazing and climate warming on plant diversity, productivity
and living state in the alpine rangelands and cultivated grasslands of the
Qinghai-Tibetan Plateau. Rangeland Journal 37, 57e65.
Zhang, Z., Duan, J., Wang, S., Luo, C., Chang, X., Zhu, X.X., Xu, B., Wang, W., 2012.
Effects of land use and management on ecosystem respiration in alpine
meadow on the Tibetan Plateau. Soil & Tillage Research 124, 161e169.
Zhang, L., Guo, H.D., Wang, C.Z., Ji, L., Li, J., Wang, K., Dai, L., 2014. The longterm trends (1982 2006) in vegetation greenness of the alpine ecosystem
in the Qinghai-Tibetan Plateau. Environmental Earth Sciences 72,
1827e1841.
Zhang, Y., Dong, S., Gao, Q., Liu, S., Zhou, H., Ganjurjav, H., Wang, X., 2016. Climate
change and human activities altered the diversity and composition of soil microbial community in alpine grasslands of the Qinghai-Tibetan Plateau. Science
of the Total Environment 562, 353e363.
Zhang, Q., Li, W.J., 2008. Distributed overgrazing: a neglected cause of grassland
degradation in Inner Mongolia. Journal of Arid Land Resources and Environment 12:8 16 (in Chinese).
Zhou, Z., Yi, S., Chen, J., Ye, B., Yu, S., Wang, G., Ding, Y., 2015. Responses of alpine
grassland to climate warming and permafrost thawing in two basins with
different precipitation regimes on the Qinghai-Tibetan Plateaus. Arctic Antarctic
& Alpine Research 47, 125e131.

