W) Check for updates

Integrative Zoology 2023; 0: 1-13 doi: 10.1111/1749-4877.12730
INTEGRATIVE
ORIGINAL ARTICLE ZOOLOGY

Alpine grassland degradation intensifies the burrowing behavior

of small mammals: evidence for a negative feedback loop

Zaiwei WANG,! Jiawen YAN,! Amy MARTIN,? Dianne H. BRUNTON,? Jiapeng QU,*>
Jin-Sheng HE,!:® Weihong JI'* and Zhibiao NAN!

I'State Key Laboratory of Herbage Improvement and Grassland Agro-Ecosystems, College of Pastoral Agriculture Science and
Technology, Lanzhou University, Lanzhou, China, “Manaaki Whenua-Landcare Research, Lincoln, New Zealand, *School of

Natural Sciences, Massey University (Albany Campus), Auckland, New Zealand, *Key Laboratory of Adaptation and Evolution of

Plateau Biota, Northwest Institute of Plateau Biology, Chinese Academy of Sciences, Xining, China, *Qinghai Haibei National Field

Research Station of Alpine Grassland Ecosystem, Northwest Institute of Plateau Biology, Chinese Academy of Sciences, Xining,

China and °Institute of Ecology, College of Urban and Environmental Sciences, and Key Laboratory for Earth Surface Processes of

the Ministry of Education, Peking University, Beijing, China

Abstract

Globally, grassland degradation is an acute ecological problem. In alpine grassland on the Tibetan Plateau, in-
creased densities of various small mammals in degraded grassland are assumed to intensify the degradation pro-
cess and these mammals are subject to lethal control. However, whether the negative impact of small mammals
is solely a result of population size or also a result of activity and behavior has not been tested. In this study, we
use plateau pika as a model to compare population size, core area of colony, and the number of burrow entrances
and latrines between lightly and severely degraded grassland. We test whether the alleged contribution of pika to
grassland degradation is a result of increased population size or increased burrowing activities of individuals in
response to lower food abundance. We found that grassland degradation resulted in lower plant species richness,
plant height, and biomass. Furthermore, the overall population size of pika was not significantly affected by loca-
tion in lightly and severely degraded grassland. However, pika core areas in severely grassland degradation were
significantly larger and had significantly higher densities of burrows and latrines. Our study provides convincing
evidence that habitat-induced changes in the behavior of small, burrowing mammals, such as pika, can exacer-
bate grassland degradation. This finding has significant implications for managing small mammals and restoring
degraded grassland ecosystems.
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(Gang et al. 2014), resulting in an ecological problem
challenging the ecosystem health and the livelihood of
local people (Sneath 1998; Cease et al. 2012). This eco-
logical crisis is particularly acute on the Qinghai—Tibetan
Plateau (QTP) (Harris 2010; Li et al. 2013), where 90%
of the grasslands have become degraded over the past
half century (Cao ef al. 2019). Overgrazing by livestock
and global climate change have been recognized as the
leading causes of grassland degradation (Sneath 1998).
In addition, small burrowing mammals, such as prairie
dog (Cynomys spp.) (Vermeire et al. 2004), plateau
zokor (Eospalax baileyi) (Su et al. 2020), and plateau
pika (Ochotona curzoniae) (Harris 2010), contribute to
ongoing grassland degradation. These small mammals
compete with livestock for food resources and their
burrows cause extensive soil erosion (Vermeire et al.
2004; Pech et al. 2007; Su et al. 2020). Due to these
negative impacts, they have been subject to lethal control
over the past few decades (Smith & Marc 1999; Forrest
& Luchsinger 2006; Su et al. 2020). However, controlling
these small mammals has created further ecological prob-
lems, including a reduction in biodiversity (Bayless &
Beier 2011; Wu & Wang 2017) and significantly reduced
the infiltration rate of water affecting local ecohydrology
(Wilson & Smith 2015).

It has been hypothesized that small burrowing mam-
mals such as plateau pika prefer degraded grassland, and
this preference results in larger populations when grass-
lands are degraded (Wangdwei et al. 2013). In turn, this
causes further degradation. For instance, density of bur-
row entrances is commonly used to estimate the popu-
lation size of small mammals (Johnson & Collinge 2004;
Wei et al. 2020a). The high density of burrow entrances of
pika observed in severely degraded grasslands led to the
conclusion of a “population explosion” of pika in highly
degraded grasslands (Harris 2010; Sun ef al. 2015).

Food abundance is an important ecological factor in-
fluencing population and territory size of animals, and
individuals often require larger territories as food abun-
dance declines (Steury & Murray 2003; Marshall &
Cooper 2004). Aboveground biomass and belowground
biomass significantly decreased with the increase in the
level of grassland degradation (Zhou ef al. 2005; Bard-
gett ef al. 2021), indicating a reduction in food resources.
Reduced food then triggers small herbivores to compen-
sate for low resources by enlarging their territory size,
as seen in prairie dogs (Cynomys gunnisoni) (Verdolin
2007) and striped mice (Rhabdomys pumilio) (Schradin
et al. 2010). It is unknown whether increased territory size
in response to grassland degradation applies to plateau
pika.

Predation pressure may also lead to behavioral changes
of prey species (Mohr et al. 2003; Jermacz et al. 2017).
For small mammals, burrow systems serve as important
refuges against predators, especially in habitats with low
vegetative cover (Deacon 2006). Small mammals usually
build additional burrows for shelter where above ground
refuges from predators is scarce, to minimize the pre-
dation risk (Blumstein ez al. 2001; Wilson et al. 2012).
It was proposed that pika’s preference for open habitats
with lower vegetative height and coverage (Wei et al.
2020b) is due to improved visibility and predator avoid-
ance (Pang et al. 2021). However, in such open condi-
tions, they may also be more easily detected by predators
(Wheatley et al. 2020). Therefore, on severely degraded
grasslands where pikas require larger territories to acquire
enough food, they may build more extensive burrows with
more burrow entrances, which may exacerbate grassland
degradation.

Few studies have systematically tested the effect of
grassland degradation on the burrowing behavior of small
mammals, and it is unknown whether burrow density
might be a reliable proxy for population density of small
mammals under different grassland conditions (Severson
& Plumb 1998; Magle ef al. 2007; Qu et al. 2011). In ad-
dition, we do not know whether the aggravation of grass-
land degradation by small mammals is due to a perceived
“population explosion” or due to animals’ behavior, such
as increased burrowing activities on degraded grassland
due to limited food resources and increased predation.

To mitigate further grassland degradation and attempt
to restore grassland ecosystems, it is crucial to understand
the mechanisms of observed negative impacts of small
mammals on grassland. In this study, we used pika as a
model to test the effect of grassland degradation on rang-
ing and burrowing behavior of pika. We compare popula-
tion size, core area of colonies, and distribution of burrow
entrances between lightly and severely degraded grass-
lands. This study will shed light on whether the aggrava-
tion of grassland degradation by pika is through increased
population size or increased burrowing activities. We pro-
pose the following hypotheses:

1. In severely degraded grassland, we expect food abun-
dance is reduced. Hence, we will observe reduced veg-
etation.

2. If food abundance is reduced, we expect the popula-
tion size of pikas in severely degraded grasslands to
be smaller than that of lightly degraded grasslands.

3. If food abundance is reduced, we expect pika colonies
require larger areas to obtain sufficient food. Hence, if
population density is similar, we predict larger core ar-
eas of pika colony and subsequently smaller distances
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between two core areas in severely degraded grass-
lands.

4. In severely degraded grasslands, we assume higher
predation rates; therefore, pika will require more bur-
row entrances to escape from predation. We hypothe-
size that the colonies in severely degraded grasslands
will have more burrow entrances than lightly degraded
grasslands.

MATERIALS AND METHODS

Study sites and animals

This study was conducted between 2019 and 2021 at
the Qinghai Haibei National Field Research Station of
Alpine Grassland Ecosystem (37°37'N, 101°19'E, 3200
m a.s.l.), Qinghai—Tibetan Plateau, Qinghai Province, the
People’s Republic of China. The dominant species of the
alpine meadow are Stipa aliena and Kobresia humilis.
The mean annual air temperature is —1.2°C and precip-
itation 485 mm (Wang et al. 2021). The common burrow-
ing small mammals inhabiting this site included plateau
pika, plateau zokor, root vole (Microtus oeconomus), and
Himalayan marmot (Marmota himalayana).

Plateau pika is an endemic small burrowing mammal
on QTP and is considered to be a keystone species of
alpine grassland ecosystem due to its critical role in main-
taining grassland ecosystem biodiversity (Smith & Marc
1999; Wei et al. 2019). This social, small mammal lives
in family groups (Qu ef al. 2013) and occupies relatively
stable territory on open habitats (Wei et al. 2020a; Smith
& Dobson 2022). The main predators of pika included
alpine weasel (Mustela altaica), Asia polecat (M. evers-
manni), and upland buzzard (Buteo hemilasius) (Yin et al.
2017). Pikas are territorial and tend to guard their terri-
tory (Smith & Gao 1991). The burrows excavated by pika
provide the necessary resource they need to withstand the
harsh environment and, as a byproduct, provide the nest-
ing habitats for many native birds and lizards (Smith &
Marc 1999). The burrow systems also increase the habi-
tat heterogeneity of the grasslands surface and alter soil
physicochemical characters (Zhao et al. 2021).

Defining the level of grassland degradation

Long-term grazing has resulted in variable grassland
degradation in this region (Zhao & Zhou 1999). To mini-
mize the effects of other confounding factors (i.e. preda-
tor density, climate and altitude), we have used lightly de-
graded grassland site and severely degraded grassland site
in the same area but with a 5-km distance in between. The

Behavior responses to grassland degradation

two sites have similar environmental conditions and dif-
fer in the degree of grassland degradation. We had three
60 m x 60 m replicate plots in each lightly and heavily
degraded grassland, and the distance between the adjacent
plots of each site was over 1 km. To quantify the degree
of degradation (light and severe), we measured the plant
species richness, above-ground biomass, and coverage of
each species in three plots at each site. “Light” sites be-
long to a particular pastoralist and were only grazed in
winter, so the grasslands were subject to low grazing pres-
sure. “Severe” sites were shared among several pastoral-
ists and were grazed year-round that resulted in higher
grazing pressure.

Vegetation survey

In August 2019, five 0.5 m x 0.5 m quadrats at 15-m
intervals along the diagonal line in each plot were set up
to survey the plant species richness (number of species
present), plant height, and percentage coverage of each
species (Liu et al. 2018; Dai et al. 2019). We harvested
all the plants by species in each quadrat at ground level,
dried the samples at 105°C for 10 min, and then further
dried at 65°C for 48 h, before being weighed to obtain the
biomass for each species (Ma et al. 2017).

Colony core area

A study by Wang and Dai (1990) proposed that pika
use communal latrines to mark the colony territory. These
latrines are depressions in the ground made by pika and
where they deposit their feces. To identify the core area of
pika colonies, we fed animals in each colony an artificial
food containing colored acrylic beads. The small plastic
beads we used is made of acrylic, also known as poly-
methyl methacrylate (PMMA). It is a non-toxic material
in solid form and has been widely used in medical appli-
cations and has been proven to be safe, based on human
and animal data (Becker ef al. 2011; Shi et al. 2018). The
diameter of beads we used is 1.5 mm, smaller than that
of fecal pellets (diameter: 4 mm) of pika. This method
has been used in recent wildlife studies (Buesching et al.
2016). The artificial food was composed of 300 g crushed
rabbit feed (Beijing Keao Xieli Feed Co., Ltd. China)
combined with 150 mL water and 400 acrylic beads. To
test the palatability of the artificial food and whether pika
fed on the artificial food produced feces containing the
acrylic beads, we conducted a pilot trial in three plots at
each site, during which 200 g of artificial food containing
plastic beads was presented at the center of each plot in
the morning and the latrines were checked the next day.
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The food provided was consumed and the fecal pellets
containing colored beads were recovered. The artificial
food had no visible adverse effect on pika’s health.

To determine the core area of territory, we chose three
adjacent colonies of pika in each plot. The area occupied
by each colony was divided into three similar sized
sections. A pile of feed (200 g) containing acrylic beads
was placed near the burrow entrances in the center of
each section. We used different bead colors for different
colonies. The artificial food was provided for five consec-
utive days. From the sixth day, all latrines were checked
and the latrines with fecal pellets containing colored
beads were marked with a same-colored label. We also
marked all burrows and latrines in each colony with
numbered labels to determine whether the distribution of
these varied between lightly and severely degraded sites.

An orthogonal coordinate system was built to analyze
the relationship between each colony core area, where the
corner point at the northeast of each plot was used as the
origin point and the x axis was east-west direction and
the y axis was north-south direction. We randomly chose
three non-contiguous points in the center of a plot and
measured the distance from each burrow and latrine in
each colony to these three points. A trilateration algorithm
was then used to calculate the coordinates of burrows and
latrines (Oguejiofor et al. 2013).

To determine classification of an identified burrow or
latrine into one colony or another, we used a k-nearest
neighbor algorithm (KNN) (Cai et al. 2016). This algo-
rithm was trained on our dataset of known latrines (la-
trines where a certain color bead was found and deter-
mined to belong to a certain colony). Unknown datapoints
(latrines or burrows without bead data) were classified ac-
cording to the classification of known points closest to
them, based on Euclidean distance (as our x and y coordi-
nates for each plot are in meters).

We contrasted the KNN colony classification with a
colony classification done in situ. KNN classifications
matched at least 90% of the time with in situ classifica-
tions in severely degraded plots, and 100% of the time
in lightly degraded plots. In situ classification of severely
degraded plots was challenging; thus, all analyses are pre-
sented with the KNN determined colonies.

Once we had calculated KNN colonies, we calculated
the centroid for the three adjacent colonies (a colony clus-
ter) in each plot and determined the Euclidean distances
between centroid of adjacent colonies in each plot. To de-
termine the core area of each colony, we calculated the
area covered by borrow entrances and latrines in each
colony using minimum convex polygon method (MCP)
based on 100% MCP ranges (Jennrich & Turner 1969).

Finally, as a measure for density burrow entrances, we
calculated the within sum of squares for each cluster: the
larger the within sum of squares the denser the burrow
entrances is.

Colony size

A mark-recapture method was used to estimate the
population size in each plot. A string noose method was
used to capture individual pika (Dobson et al. 1998). The
nooses were placed at burrow entrances, and once set, the
site was monitored by two researchers scanning all bur-
row entrances constantly at approximately 20 m from the
colony. Every 15 min, a researcher checked each noose
to prevent captured pika not being seen by distant scan-
ning. Once captured, the pika was removed from the noose
and placed in dark cloth holding bags (25 cm long and
15 cm wide) to reduce stress before they were transferred
into the anesthesia box (30 x 15 x 15 cm). Once under
anesthesia (isoflurane; RWD life science Co., Ltd. China),
we recorded sex, weight, head length, head width, and
foot length. Finally, each pika was marked with a num-
bered metal ear tag and released back at the point of
capture. Pikas were captured for two successive days at
each site and the recapture was conducted 21 days after
the initial capture. Recaptured pikas were only weighed
and ID recorded. We estimated abundance of pika at
each plot using the Lincoln—Peterson model (Moore
et al. 2010). The animal experimental protocols were ap-
proved by the Institution of Animal Ethical and Wel-
fare Committee of Lanzhou University (protocol number:
CY-2019-0501).

Statistical analysis

We used generalized linear models (GLM) with a
Gaussian distribution to determine potential differences
in height, biomass, and species richness between sites
with severe and light degradation. Height and biomass
were both log-transformed to meet assumptions of nor-
mality and even distribution of residuals.

We examined differences in plant composition between
the two sites: “Light” and “Severe” with non-metric mul-
tidimensional scaling (nMDS) based on Jaccard’s distance
matrix. This was followed by Ward’s hierarchical clus-
ter analysis, where we identified three main clusters in
the dataset and characterized them based on the degree
of degradation and species. We used INDVAL analysis to
identify key species for each cluster (Hetherington-Rauth
& Ramirez 2016).
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Figure 1 Overall, sites with severe degradation had significantly lower vegetation height, biomass, and species richness than sites
with light degradation. * indicates a significant difference with preference, between lightly and severely degraded sites (FDR adjusted

P values < 0.01).

GLM was used to test for a difference in pika abun-
dance between lightly and severely degraded sites. To de-
termine whether distance between colony centers, colony
density, or colony core area varied depending on degra-
dation, we constructed a generalized linear mixed-effects
model (GLMM) with plot and colony included as a ran-
dom factor. Each of the distance, density, and core area
was logged to meet assumptions of normality. Similarly,
we constructed two GLMMs with underlying Poisson dis-
tribution to determine whether there was a difference in
the counts of latrines or burrows between lightly and
severely degraded sites. Plot and colony were included as
random factors.

For all models, we calculated pairwise P-values
adjusted for multiple comparisons using Bonferroni—
Hochberg false discovery rate correction. We presented
the conditional and marginal R? as a measure of goodness
of fit. Model of best fit was assessed using AIC where
appropriate.

All analyses and plots were performed using R ver-
sion 4.2.0 (R Core Team 2018), including the “glmTMB”
package for GLMM, the “Ime4” package for GLM, the
“Ismeans” package for Bonferroni-Hochberg false dis-
covery rate correction, the “labdsv” package for INDVAL,
the “performance” package for goodness of fit test, the
“ggplot2” package for plotting all figures.

RESULTS

Vegetation composition on lightly and severely
degraded grassland

The vegetation in severely degraded plots had signif-
icantly lower plant height, biomass, and species richness

compared to plots in lightly degraded sites (Fig. 1, FDR
adjusted P-values < 0.01). We found that plant commu-
nity structure differed between severely degraded plots
and lightly degraded plots (Fig. 2). Five plant species de-
fined the two severely degraded clusters (Cluster 1: 4juga
lupulina and Lancea tibetica and Cluster 2: Hypecoum
leptocarpum, Galium verum, and Aster diplostephioides;
INDIC analysis P-values < 0.001), while 11 species
defined the lightly degraded cluster (Euphrasia regelii,
Morina kokonorica, Taraxacum mongolicum, Saus-
surea nigrescens, Comastoma pulmonarium, Ranunculus
tanguticus, Stellaria alaschanica, Ajania tenuifolia,
Tibetia himalaica, Stipa aliena, and Elymus nutans;
INDIC analysis P-values < 0.001). The lightly degraded
sites had a high abundance of various species such as S.
aliena, E. nutans, T. himalaica, and T. mongolivum than
the severely degraded sites (Fig. 3).

The effect of grassland degradation on pika
population size

The abundance of pika in lightly degraded grasslands
was higher than in severely degraded grasslands and the
difference is not statistically significant (Fig. 4, FDR ad-
justed P-values = 0.85).

The effect of grassland degradation on core area

of territory and burrow and latrine entrances

Our GLMM analysis suggested that colonies at
severely degraded grasslands were closer to each other
(Fig. 5a, FDR P-value < 0.0001), covered a larger
area (Fig. 5b, FDR P-value = 0.001), and had denser
burrow entrances and latrines, than lightly degraded
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Figure 3 Presence and abundance of indicator species (deter-
mined from indicator analysis) in three clusters determined by
non-metric multidimensional scaling (nMDS). Two clusters per-
tain to severely degraded sites (cluster 1 and 2), and one to
lightly degraded sites (cluster 3).

grasslands (suggested by larger within sum-of-squares;
Fig. 5¢c, FDR P-value < 0.0001). KNN-cluster analysis
consistently resulted in three distinct colonies for both
lightly and severely degraded sites, but the colonies on
lightly degraded plot were better separated, consistent
with in situ surveys of colonies (Fig. 6).

The number of burrow entrances and latrines in
severely degraded grassland were significantly higher
than that of lightly degraded grassland (Fig. 7; FDR ad-
justed P-values < 0.001). Furthermore, the variance in
burrow numbers was greater in severely, compared to
lightly degraded sites.

DISCUSSION

By analyzing population size, core area of colony ter-
ritory, and burrowing behavior, we found that greater
grassland degradation was associated with increased
burrowing activity by pika. In addition, we present, for the
first time, evidence demonstrating that the contribution of
pika to grassland degradation is likely due to a behavior
response rather than population increases. While the im-
pact of small mammals on grasslands has been recognized
for a long time (Smith & Marc 1999; Zhang et al. 2003;
Mary et al. 2010), we know little about underlying mech-
anisms of grassland degradation by small mammals, such
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Figure 4 Pika abundance per plot between lightly and severely degraded grasslands.

as behavior responses. Our work seeks to improve this un-
derstanding.

Aboveground biomass, species richness, and plant
height were significantly lower in severely degraded
grasslands. This indicates a general reduction in food
resources for small herbivores. Previous studies have
demonstrated that overgrazing by livestock significantly
decreases available food resources for small mammals,
reflected in lower plant coverage and height (Steen et al.
2005; Foster et al. 2014). Our analyses of plant com-
munity structure show that the increase in the level of
grassland degradation not only resulted in reduced plant
biomass, but also altered the plant community structure.
The dominant species in the lightly degraded grassland
included S. aliena, E. nutans, T. mongolicum, O. ochro-
cephala, and O. kansuensis, all preferred food species
of pikas (Wang et al. 1992; Liu et al. 2008). In con-
trast, severely degraded grasslands were dominated by
A. lupulina and L. nanum, which are not preferred food
species of pika (Wang et al. 1992; Liu et al. 2008). This
may be because of overgrazing: Previous studies indi-
cated that overgrazing often reduced the preferred food

plants of small mammals (Yang et al. 2020). In our con-
text, this modification may lead to a shortage of pre-
ferred food resources for pika in severely degraded grass-
lands. In addition, small herbivores typically prefer plant
species with high nutritional value or low content of tox-
ins (Li et al. 2021). Accordingly, more non-preferred
plants mean lower food quality for pika, compounding
the impact of overgrazing. Similar changes in the abun-
dance of dominant species with different levels of de-
graded grassland had been recorded by previous studies
in the same grassland ecosystem (Zhou et al. 2005; Guo
et al. 2020).

Our study did not detect a significant difference in pika
population size between lightly and severely degraded
grasslands (Table S1, Supporting Information). Previous
studies have reported that pika, being generalist foragers,
feed on more than 40 plant species across different habi-
tats and seasons (Wang ef al. 1992; Liu et al. 2008). In
harsh conditions, pika will decrease their metabolism and
feed on yak feces to meet their energy needs (Speak-
man et al. 2021). These strategies may maintain local
population size even with the limited food resources in

© 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences, 7
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Figure S Severely degraded sites had colonies that (a) were sig-
nificantly closer to each other (Conditional R?: 0.941, Marginal
R?: 0.768); (b) covered a significantly larger area (Conditional
R?:0.506, Marginal R?: 0.505); and (c) were significantly denser

than lightly degraded sites (Conditional R*: 0.944, Marginal R’
0.539). All P-values are reported from generalized linear mixed-
effects model (GLMM); ** indicates an FDR-adjusted P-value
< 0.01; ** indicates an FDR-adjusted P-value < 0.0001.

severely degraded grasslands. In contrast, some previous
studies found that the population size of pika was high-
est in severely degraded (Sun ef al. 2015; Qian et al.
2021). However, these studies used burrow entrance den-
sity as proxies for the population size. We have demon-
strated that pikas increase their burrow density in severely
degraded grassland without increasing population size.
Other studies have similarly indicated that the number of
burrows may not be a reliable proxy for population size
(Magle ef al. 2007; Qu et al. 2011). Therefore, we pro-
pose that further investigation is needed to support the
hypothesis that pika population increases with increasing
grassland degradation.

On severely degraded grassland, pika markedly ex-
panded their colony core areas; this resulted in a smaller
distance and greater overlap between pika core areas in
colonies. We propose that such an increase in core area
is likely due to the shortage of food, as we, and oth-
ers, report at degraded grassland sites (Schradin & Pil-
lay 2006). Similar changes in territory size between habi-
tats with different food abundance have been described
for other small mammals (Harris & Leitner 2004; Quirici
et al. 2010). Researchers have found that territories over-
lap when there are fewer food resources, such as in Mon-
golian gerbils (Wang et al. 2011). Here, we found that the
spatial dispersion of pika varied, from a clumped distribu-
tion in lightly degraded grasslands, to an even distribution
in severely degraded grasslands. Variation of pika spa-
tial distribution between sites of different grazing pres-
sure has been recorded in work by He et al. (2021).

The number of burrow entrances in severely degraded
grasslands was significantly greater than that of lightly
degraded grasslands. Predation risk strongly influences
foraging decisions (food quality, quantity, activity time
and distance) of small mammals (Bhattacharyya et al.
2015). The burrow system of small mammals provides an
important refuge to escape from predators, especially in
habitats with sparse vegetation (Karels & Boonstra 1999;
Deacon 2006). Indeed, lower vegetation height and cov-
erage increases predation risk resulting in higher preda-
tion losses of prey species (Wheatley et al. 2020). Thus,
more burrow entrances are likely to enhance the chance
to escape from predation of individual pika. This has been
found in other burrowing herbivores, such as Vancouver
Island marmot (Blumstein et al. 2001).

8 © 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
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There were significantly more latrines on pika core ar-
eas in severely degraded grasslands than in lightly de-
graded grasslands; a similar phenomenon has also been
recorded in European rabbits (Ziege et al. 2016). Latrines
of some animals are known to play an important role in
information transfer (Ziege et al. 2016) and territory de-
fense (Jordan ef al. 2007). We speculate that an increase
in the number of latrines in pika colony on severely de-
graded grassland may reflect increased competition be-
tween colonies due to reduced food resources (Stewart
etal 2001).

The increases in burrows and latrines we report associ-
ated with greater scarcity of food resources in severely de-
graded grasslands may lead to extensive soil erosion and
further exacerbate degenerated conditions of grassland.
To break this negative feedback cycle and maintain the
vital ecosystem service of small mammals such as pika,

a combination of reduced overgrazing by livestock and
active restoration of grassland ecosystem and grassland
vegetation will be required.

Small burrowing herbivorous mammals have been at-
tributed to aggravating grassland degradation on QTP.
Our study shows that, instead of an effect of population
increase, the contribution of pika to grassland degrada-
tion is due to their behavioral response to degraded grass-
land conditions. Pika reacted to human-induced grass-
land degradation with a significant increase in colony core
area and greater numbers of burrow entrances and la-
trines. Such behavioral changes likely contribute to the
further deterioration of grassland conditions. A holistic
approach, including reducing grazing levels and restora-
tion of grassland vegetation cover, is required to bring
back the positive ecosystem functions of native burrowing
mammals.

© 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences, 9
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

85US0 |7 SUOWIWOD 3A1Ie1D 3(deot|dde 8y} Aq peusenob a1e Solie O ‘88N 4O S3INJ 10} AeIg1TUIIUO A8]IM UO (SUORIPUOD-PUB-SBYWI0D" A3 1M ARe.q1)BU1|UO//:SCRY) SUORIPUOD PUe WS L 8U3 89S *[£202/60/8T] U0 A%IqIT8UllUO ABIIM ‘0ELZT LL8Y-672T/TTTT OT/I0p/L0D A8 M ARIq1jeUUO//SAIY WoI) papeo|uMoq ‘0 ‘L.87eY.LT



Z. Wang et al.
a -
300
w
H
<
5
0
S o
2 2001
@©
0
=
=}
z
100
Light Severe
Degree of degradation
b *EE
200
w
@
£
E=R,
® 1501
=
o
s
©
0
£
=
z
100
501
Light Severe

Degree of degradation

Figure 7 Severely degraded sites had significantly more (a)
burrows (conditional R?: 0.975; marginal R*: 0.916) and
(b) latrines (conditional R*: 0.958; marginal R?: 0.925) than
lightly degraded sites. *** indicates an FDR-adjusted P-value
< 0.001, retrieved from a generalized linear mixed-effects
model (GLMM).

ACKNOWLEDGMENTS

We thank Dr Hongbiao Zi for helping with identify-
ing plant species. We also thank Qinghai Haibei National
Field Research Station of Alpine Grassland Ecosystem

for providing logistic service during this work. This study
was supported by the National Natural Science Founda-
tion of China (Grant No. 32192461).

Open access publishing facilitated by Massey Univer-
sity, as part of the Wiley - Massey University agreement
via the Council of Australian University Librarians.

CONFLICT OF INTEREST

None of the authors have a conflict of interest.

REFERENCES

Bardgett RD, Bullock JM, Lavorel S et al. (2021). Com-
batting global grassland degradation. Nature Reviews
Earth & Environment 2, 720-35.

Bayless TA, Beier P (2011). Occurrence and habitat char-
acteristics of burrowing owl nests in Gunnison’s prairie
dog colonies of Northeastern Arizona. Journal of the
Arizona-Nevada Academy of Sciences 42, 65-74.

Becker LC, Bergfeld WF, Belsito DV et al. (2011).
Final report of the cosmetic ingredient review ex-
pert panel safety assessment of polymethyl methacry-
late (PMMA), methyl methacrylate crosspolymer, and
methyl methacrylate/glycol dimethacrylate crosspoly-
mer. International Journal of Toxicology 30, 54S—
65S

Bhattacharyya S, Dutta S, Adhikari BS, Rawat GS (2015).
Presence of a small mammalian prey species in open
habitat is dependent on refuge availability. Mammal
Research 60, 293-300.

Blumstein DT, Daniel JC, Bryant AA (2001). Anti-
predator behavior of Vancouver island marmots: Us-
ing congeners to evaluate abilities of a critically en-
dangered mammal. Ethology 107, 1-14.

Buesching CD, Newman C, Service K, Macdonald DW,
Riordan P (2016). Latrine marking patterns of badgers
(Meles meles) with respect to population density and
range size. Ecosphere 7, €01328.

Cai P, Wang Y, Lu G, Chen P, Ding C, Sun J (2016).
A spatiotemporal correlative k-nearest neighbor model
for short-term traffic multistep forecasting. Trans-
portation Research Part C-Emerging Technologies 62,
21-34.

Cao J, Adamowski JF, Deo RC, Xu X, Gong Y, Feng Q
(2019). Grassland degradation on the Qinghai-Tibetan
plateau: Reevaluation of causative factors. Rangeland
Ecology & Management 72, 988-95.

Cease AJ, Elser JJ, Ford CF, Hao S, Kang L, Harrison
JF (2012). Heavy livestock grazing promotes locust

10 © 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

85UB017 SUOWILLOD A 11810 3 cedldde 8y Aq pausencb a2 s9olle YO ‘8Sh JO Sa|n. 10y Aeiq1T BUIIUQ A1 UO (SUONIPUOD-PUE-SULLIBY WO A8 | 1M AleIq 1 BU1|UO//SANL) SUORIPUOD PUe SWiB | 8L 88S *[£202/60/8T] U0 AfiqiT8UlUO AB|IM ‘0EL2T"2.8Y-6v . T/TTTT OT/I0P/L00" A3 1M Ae.q 1 |BulUo//SAny Woiy pepeojumod ‘0 2.8v62T



outbreaks by lowering plant nitrogen content. Science
335, 467-9.

Dai L, Guo X, Ke X et al. (2019). Moderate grazing pro-
motes the root biomass in Kobresia meadow on the
northern Qinghai—Tibet Plateau. Ecology and Evolu-
tion 9, 9395-406.

Deacon RMIJ (2006). Burrowing in rodents: a sensitive
method for detecting behavioral dysfunction. Nature
Protocols 1, 118-21.

Dobson FS, Smith AT, Wang X (1998). Social and eco-
logical influences on dispersal and philopatry in the
plateau pika (Ochotona curzoniae). Behavioral Ecol-
0gy 9, 622-35.

Forrest S, Luchsinger J (2006). Past and current chemi-
cal control of prairie dogs. In: JL Hoogland, ed. Con-
servation of the Blacktailed Prairie Dog: Saving North
America’s Western Grasslands. Island Press, Washing-
ton, DC, pp. 115-28.

Foster CN, Barton PS, Lindenmayer DB (2014). Effects
of large native herbivores on other animals. Journal of
Applied Ecology 51, 929-38.

Gang C, Zhou W, Chen Y ef al. (2014). Quantitative as-
sessment of the contributions of climate change and
human activities on global grassland degradation. En-
vironmental Earth Sciences 72, 4273-82.

Guo X, Dai L, Li Q ef al. (2020). Light grazing signif-
icantly reduces soil water storage in alpine grasslands
on the Qinghai-Tibet Plateau. Sustainability 12, 2523.

Harris JH, Leitner P (2004). Home-range size and use of
space by adult mohave ground squirrels, Spermophilus
mohavensis. Journal of Mammalogy 85, 517-23.

Harris RB (2010). Rangeland degradation on the Qinghai-
Tibetan plateau: A review of the evidence of its mag-
nitude and causes. Journal of Arid Environments 74,
1-12.

He Q, Wang X, Luo G, Zhang P, Ran J (2021). Spatial
pattern of plateau pika burrows under different graz-
ing modes. Acta Theriologica Sinica 41, 431-40. (In
Chinese with English abstract.)

Henkin Z, Hadar L, Noy-Meir I (2007). Human-scale
structural heterogeneity induced by grazing in a
Mediterranean woodland landscape. Landscape Ecol-
ogy 22, 577-87.

Hetherington-Rauth MC, Ramirez SR (2016). Evolution
and diversity of floral scent chemistry in the euglossine
bee-pollinated orchid genus Gongora. Annals of botany
118, 135-48.

Jermacz b, Andrzejczak J, Arczynska E, Zielska J, Kobak
J (2017). An enemy of your enemy is your friend:

Behavior responses to grassland degradation

Impact of predators on aggregation behavior of gam-
marids. Ethology 123, 627-39.

Jennrich RI, Turner FB (1969). Measurement of non-
circular home range. Journal of Theoretical Biology
22,227-37.

Johnson WC, Collinge SK (2004). Landscape effects on
black-tailed prairie dog colonies. Biological Conserva-
tion 115, 487-97.

Jordan NR, Cherry MI, Manser MB (2007). Latrine dis-
tribution and patterns of use by wild meerkats: implica-

tions for territory and mate defence. Animal Behaviour
73, 613-22.

Karels TJ, Boonstra R (1999). The impact of predation
on burrow use by Arctic ground squirrels in the boreal
forest. Proceedings of the Royal Society of London B
Biological Sciences 266, 2117-23.

Li G, Shi C, Song Y, Chu H, Zhang Z, Faust K (2021).
The role transition of dietary species richness in mod-
ulating the gut microbial assembly and postweaning
performance of a generalist herbivore. mSystems 6,
e00979-21.

Li XL, Gao J, Brierley G, Qiao YM, Zhang J, Yang YW
(2013). Rangeland degradation on the Qinghai-Tibet
Plateau: Implications for rehabilitation. Land Degra-
dation & Development 24, 72—-80.

Liu H, Mi Z, Lin L et al. (2018). Shifting plant species
composition in response to climate change stabilizes
grassland primary production. PNAS 1185, 4051-6.

Liu W, Zhang Y, Wang X, Zhao J, Xu Q, Zhou L (2008).
Food selection by plateau pikas in different habitats
during plant growing season. Acta Agrestia Sinica 28,
358-66. (In Chinese with English abstract.)

MaZ,LiuH, MiZ et al. (2017). Climate warming reduces
the temporal stability of plant community biomass pro-
duction. Nature Communications 8, 15378.

Magle SB, McClintock BT, Tripp DW, White GC,
Antolin MF, Crooks KR (2007). Mark-resight
methodology for estimating population densities for
prairie dogs. Journal of Wildlife Management 71,
2067-73.

Marshall MR, Cooper RJ (2004). Territory size of a mi-
gratory songbird in response to caterpillar density and
foliage structure. Ecology 85, 432-45.

Mary B, Dean P, John M (2010). Small-mammal seed
predation limits the recruitment and abundance of two
perennial grassland forbs. Ecology 91, 85-92.

Mohr K, Vibe-Petersen S, Lau Jeppesen L, Bildsee
M, Leirs H (2003). Foraging of multimammate
mice, Mastomys natalensis, under different predation

© 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences, 11
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

85UB017 SUOWILLOD A 11810 3 cedldde 8y Aq pausencb a2 s9olle YO ‘8Sh JO Sa|n. 10y Aeiq1T BUIIUQ A1 UO (SUONIPUOD-PUE-SULLIBY WO A8 | 1M AleIq 1 BU1|UO//SANL) SUORIPUOD PUe SWiB | 8L 88S *[£202/60/8T] U0 AfiqiT8UlUO AB|IM ‘0EL2T"2.8Y-6v . T/TTTT OT/I0P/L00" A3 1M Ae.q 1 |BulUo//SAny Woiy pepeojumod ‘0 2.8v62T



Z. Wang et al.

pressure: cover, patch-dependent decisions and
density-dependent GUDs.  Oikos 100, 459—
68.

Moore JA, Grant T, Brown D, Keall SN, Nelson NJ
(2010). Mark-recapture accurately estimates census for
tuatara, a burrowing reptile. Journal of Wildlife Man-
agement T4, 897-901.

Oguejiofor O, Aniedu A, Ejiofor H, Okolibe A (2013).
Trilateration based localization algorithm for wireless
sensor network. International Journal of Science and
Modern Engineering (IJISME) 1, 21-7.

Pang XP, Wang Q, Guo ZG (2021). The im-
pact of the plateau pika on the relationship be-
tween plant aboveground biomass and plant species
richness. Land Degradation & Development 32,
1205-12.

Pech RP, Arthur AD, Zhang Y, Lin H (2007). Popula-
tion dynamics and responses to management of plateau
pikas Ochotona curzoniae. Journal of Applied Ecology
44, 615-24.

Qian D, Li Q, Fan B, Lan Y, Cao G (2021). Character-
ization of the spatial distribution of plateau pika bur-
rows along an alpine grassland degradation gradient on
the Qinghai-Tibet Plateau. Ecology and Evolution 11,
14905-15.

QuJ, Li W, Yang M, Ji W, Zhang Y (2013). Life his-
tory of the plateau pika (Ochotona curzoniae) in alpine
meadows of the Tibetan Plateau. Mammalian Biology
78, 68-72.

Qu J, Li W, Yang M, Li K, Zhang Y (2011). Methods
for large scale assessment of small mammal abundance
in open habitats: Plateau pika (Ochotona curzoniae) in
Alpine grassland. Polish Journal of Ecology 59, 829—
33.

Quirici V, Castro RA, Ortiz-Tolhuysen L et al. (2010).
Seasonal variation in the range areas of the diurnal ro-
dent Octodon degus. Journal of Mammalogy 91, 458—
66.

R Core Team (2018). R: A Language and Environment
for Statistical Computing. R Foundation for Statisti-
cal Computing, Vienna. Available from URL: https://
www.R-project.org

Schradin C, Pillay N (2006). Female striped mice (Rhab-
domys pumilio) change their home ranges in response
to seasonal variation in food availability. Behavioral
Ecology 17, 452-8.

Schradin C, Schmohl G, Rédel HG et al. (2010). Female
home range size is regulated by resource distribution

and intraspecific competition: A long-term field study.
Animal Behaviour 79, 195-203.

Severson KE, Plumb GE (1998). Comparison of methods
to estimate population densities of black-tailed prairie
dogs. Wildlife Society Bulletin 26, 859—66.

Shi J, Zhang C, Liu L et al. (2018). Effects of room cur-
ing polymethyl methacrylate with nano-silver on liver
tissue and DNA damage of hepatic cells in mice. Jour-
nal of Jilin University Medicine Edition 44, 962-7.

Smith AT, Marc F (1999). The plateau pika (Ochotona
curzoniae) is a keystone species for biodiversity on the
Tibetan plateau. Animal Conservation 2, 235-40.

Smith AT, Dobson FS (2022). Social complexity in
plateau pikas, Ochotona curzoniae. Animal Behaviour
184, 27-41.

Smith AT, Gao WX (1991). Social relationships of adult
black-lipped pikas (Ochotona curzoniae). Journal of
Mammalogy 72, 231-47.

Sneath D (1998). Ecology - state policy and pasture
degradation in inner Asia. Science 281, 1147-8.

Speakman JR, Chi Q, Otdakowski L et al. (2021). Surviv-
ing winter on the Qinghai-Tibetan Plateau: pikas sup-
press energy demands and exploit yak feces to survive
winter. PNAS 118, ¢2100707118.

Steen H, Mysterud A, Austrheim G (2005). Sheep graz-
ing and rodent populations: Evidence of negative inter-
actions from a landscape scale experiment. Oecologia
143, 357-64.

Steury TD, Murray DL (2003). Causes and consequences
of individual variation in territory size in the American
red squirrel. Oikos 101, 147-56.

Stewart PD, Macdonald DW, Newman C, Cheeseman CL
(2001). Boundary faeces and matched advertisement in
the European badger (Meles meles): A potential role in
range exclusion. Journal of Zoology 255, 191-8.

Sul,Ji W, LiH, Yao T, Wang J, Nan Z (2020). Zokor dis-
turbances indicated positive soil microbial responses
with carbon cycle and mineral encrustation in alpine
grassland. Ecological Engineering 144, 105702.

Sun F, Chen W, Liu L, Liu W, Cai Y, Smith P (2015).
Effects of plateau pika activities on seasonal plant
biomass and soil properties in the alpine meadow
ecosystems of the Tibetan Plateau. Grassland Science
61, 195-203.

Verdolin J (2007). Resources, not male mating strate-
gies, are a determinant of social structure in Gun-
nison’s prairie dogs (Cynomys gunnisoni). Behaviour
144, 1361-82.

Vermeire LT, Heitschmidt RK, Johnson PS, Sowell BF
(2004). The prairie dog story: Do we have it right? Bio-
Science 54, 689.

12 © 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

85UB017 SUOWILLOD A 11810 3 cedldde 8y Aq pausencb a2 s9olle YO ‘8Sh JO Sa|n. 10y Aeiq1T BUIIUQ A1 UO (SUONIPUOD-PUE-SULLIBY WO A8 | 1M AleIq 1 BU1|UO//SANL) SUORIPUOD PUe SWiB | 8L 88S *[£202/60/8T] U0 AfiqiT8UlUO AB|IM ‘0EL2T"2.8Y-6v . T/TTTT OT/I0P/L00" A3 1M Ae.q 1 |BulUo//SAny Woiy pepeojumod ‘0 2.8v62T


https://www.R-project.org
https://www.R-project.org

Wang H, Liu H, Huang N et al. (2021). Satellite-derived
NDVI underestimates the advancement of alpine
vegetation growth over the past three decades. Ecology
102, 03518.

Wang X, Dai K (1990). A study of breeding area and
the territorial behavior in plateau pika (Ochotona
curzoniae). Acta Theriologica Sinica 10, 203-9. (In
Chinese with English abstract.)

Wang X, Liu J, Liu W, Ji L (1992). Studies on the nu-
tritional ecology of herbivorous small mammals: Pat-
terns of food selection and food quality for plateau
pikas,Ochotona curzoniae. Acta Theriologica Sinica
12, 25-34. (In Chinese with English abstract.)

Wang Y, Liu W, Wang G, Wan X, Zhong W (2011).
Home-range sizes of social groups of Mongolian ger-
bils Meriones unguiculatus. Journal of Arid Environ-
ments 75, 132-7.

Wangdwei M, Steele B, Harris RB (2013). Demographic
responses of plateau pikas to vegetation cover and land
use in the Tibet Autonomous Region, China. Journal
of Mammalogy 94, 1077-86.

Wei W, He J, Zheng Q, He Y, Oosthuizen MK (2020a).
A comparison of density estimation methods in plateau
pika populations in an alpine meadow ecosystem. Jour-
nal of Mammalogy 101, 1091-6.

Wei W, Knops JMH, Zhang W (2019). The impact of
plateau pikas (Ochotona curzoniae) on alpine grass-
land vegetation and soil is not uniform within the home
range of pika families. Plant Ecology & Diversity 12,
417-26.

Wei W, Zhen Q, Tang Z, Oosthuizen MK (2020b). Risk
assessment in the plateau pika (Ochotona curzoniae):
Intensity of behavioral response differs with predator
species. BMC Ecology 20, 41.

Wheatley R, Pavlic TP, Levy O, Wilson RS (2020). Habi-
tat features and performance interact to determine the
outcomes of terrestrial predator—prey pursuits. Journal
of Animal Ecology 89, 2958-71.

Wilson MC, Smith AT (2015). The pika and the water-
shed: The impact of small mammal poisoning on the
ecohydrology of the Qinghai-Tibetan Plateau. Ambio
44, 16-22.

Cite this article as:

Behavior responses to grassland degradation

Wilson TL, Rayburn AP, Edwards TC (2012). Spatial
ecology of refuge selection by an herbivore under risk
of predation. Ecosphere 3, 1-18.

Wu L, Wang H (2017). Poisoning the pika: Must protec-
tion of grasslands be at the expense of biodiversity. Sci-
ence China Life Sciences 60, 545-7.

Yang S, Yuan S, Wu X et al. (2020). The effect of grazing
on winter survival of midday gerbil (Meriones meridi-
anus) of different genders. Ecology and Evolution 10,
12395-406.

Yin B, Yang S, Shang G, Wei W (2017). Effects of preda-
tion risk on behavior, hormone levels, and reproductive
success of plateau pikas. Ecosphere 8, ¢01643.

Zhang Y, Zhang Z, Liu J (2003). Burrowing rodents
as ecosystem engineers: The ecology and manage-
ment of plateau zokors Myospalax fontanierii in alpine
meadow ecosystems on the Tibetan plateau. Mammal
Review 33, 284-94.

Zhao J, Tian L, Wei H et al. (2021). Impact of plateau pika
(Ochotona curzoniae) burrowing-induced microtopog-
raphy on ecosystem respiration of the alpine meadow
and steppe on the Tibetan plateau. Plant and Soil 458,
217-30.

Zhao X, Zhou X (1999). Ecological basis of alpine
meadow ecosystem management in Tibet: Haibei
alpine meadow ecosystem research station. Ambio 28,
642-7.

Zhou H, Zhao X, Tang Y, Gu S, Zhou L (2005). Alpine
grassland degradation and its control in the source re-
gion of the Yangtze and Yellow Rivers, China. Grass-
land Science 51, 191-203.

Ziege M, Bierbach D, Bischoff S et al. (2016). Impor-
tance of latrine communication in European rabbits
shifts along a rural-to-urban gradient. BMC Ecology
16, 29.

SUPPLEMENTARY MATERIALS

Additional supporting information may be found on-
line in the Supporting Information section at the end of
the article.

Table S1 The model structures for GLM and GLMM

Wang Z, Yan J, Martin A et al. (2023). Alpine grassland degradation intensifies the burrowing behavior of small
mammals: evidence for a negative feedback loop. Integrative Zoology 00, 1-13. https://doi.org/10.1111/1749-

4877.12730

© 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences, 13
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

85UB017 SUOWILLOD A 11810 3 cedldde 8y Aq pausencb a2 s9olle YO ‘8Sh JO Sa|n. 10y Aeiq1T BUIIUQ A1 UO (SUONIPUOD-PUE-SULLIBY WO A8 | 1M AleIq 1 BU1|UO//SANL) SUORIPUOD PUe SWiB | 8L 88S *[£202/60/8T] U0 AfiqiT8UlUO AB|IM ‘0EL2T"2.8Y-6v . T/TTTT OT/I0P/L00" A3 1M Ae.q 1 |BulUo//SAny Woiy pepeojumod ‘0 2.8v62T


https://doi.org/10.1111/1749-4877.12730
https://doi.org/10.1111/1749-4877.12730

