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A B S T R A C T

Plateau pikas (Ochotona curzoniae) bioturbation affects the soil nutrient concentrations of the alpine meadow in
the Qinghai-Tibetan Plateau (QTP) by the arrangement of bare land. This study investigated the effect of the
disturbance produced by plateau pika bioturbation on primary soil nutrient concentrations of the Kobresia
pygmaea meadow in view of overall and site scale and further analyzed the effect of the disturbance intensity of
plateau pika on the soil nutrient concentrations of vegetated land and bare land. Our results showed that the
disturbance by plateau pika bioturbation significantly decreased the soil organic carbon (SOC), total nitrogen
(TN) and total phosphorus (TP), and increased the available phosphorus (AP), NO3

−-N and NH4
+-N of bare

land. Moderate disturbance intensities increased the SOC, TN and TP of both vegetated land and bare land and
reduced the NO3

−-N, NH4
+-N and AP of vegetated land while increasing those of bare land. Disturbance within

the threshold disturbance intensities of plateau pika is beneficial to the soil C and N, accumulating higher
available nutrient concentrations in the topsoil, which would provide good habitats for certain rare plants and
supply nutrients for the nitrophilous graminoid plants to grow well in the QTP. These results suggest that the
understanding of the responses of the soil nutrient concentrations to plateau pika bioturbation should consider
the bare land under disturbance intensities of plateau pika and alpine meadow type.

1. Introduction

Bioturbation is considered to be a major driver for dynamic varia-
tion of ecosystem function because it often alters a soil's physical and
biotic processes (Reichmana and Seabloomb, 2002; James et al., 2009)
and improves the soil health (James et al., 2009; Fleming et al., 2014).
Most visible bioturbation is generally produced by small burrowing
mammals (Reichmana and Seabloomb, 2002; James et al., 2009;
Wilkinson et al., 2009), which usually manipulate the substrate soil and
create a variety of disturbances via the arrangement of bare land pro-
duced by their direct burrowing activities (Schooley and Bestelmeyer,
2000; Fleming et al., 2014). This disturbance manifests itself as a dis-
crete mosaic of vegetated land and bare land over a range of spatial
scales (Yu et al., 2016; Pang and Guo, 2017; Yu et al., 2017), which
induces differences in soil nutrient concentrations between bare land
and vegetated land (James et al., 2009; Xu et al., 2012; Kurek et al.,
2014). Previous studies have shown that small burrowing mammals
often can rapidly alter the soil nutrient concentrations compared to
other plant-driven and geomorphic processes (Villarreal et al., 2008;
Fleming et al., 2014).

Plateau pika (Ochotona curzoniae) is a mainly small and common
burrowing mammal in the Qinghai-Tibetan Plateau (QTP) of China
(Guo et al., 2012; Yu et al., 2016), and it has been considered as a
keystone species of the alpine meadow ecosystem because of its greatly
influential role (Smith and Foggin, 1999; Lai and Smith, 2003). Plateau
pikas often live in colonies ranging from tens to thousands of in-
dividuals, and collectively, they induce drastic changes of soil nutrient
concentrations (Smith and Foggin, 1999; Sun et al., 2015a; Wu et al.,
2015) because soil in the alpine ecosystems is remarkably sensitive to
small burrowing mammals (Körner, 2003; García-González, 2008). The
Kobresia pygmaea meadow, one of the larger alpine meadow types,
sustains native livestock production and biodiversity and maintains
water conservation and soil erosion control in the QTP (Qi et al., 2008;
Wu et al., 2015). This meadow is also a good habitat for plateau pikas
due to its relatively low height of vegetation, which increases the ability
of plateau pika to detect predators (Wangdwei et al., 2013). Thus, the
K. pygmaea meadow is a representative example of how the disturbance
of plateau pika affects soil nutrient concentrations.

Disturbance produced by plateau pika bioturbation in the alpine
meadow remains a controversial issue. A number of professionals
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consider that bare land is detrimental to the alpine meadow because it
reduces the land cover and decreases plant productivity (Dong et al.,
2013; Sun et al., 2015a) or even develops a “black-soil-type” degraded
grassland (Qi et al., 2008; Dong et al., 2013). Conversely, others argue
that bare land is beneficial to the alpine meadow because it increases
the water infiltration (Wilson and Smith, 2015) and available nutrients
and maintains soil biodiversity (Zhou et al., 2010; Wu et al., 2015;
Zhang et al., 2016). In fact, the amount of bare land is correlated to the
disturbance intensity of plateau pika (Sun et al., 2015b; Wu et al.,
2015).

There are also several ongoing debates concerning the effects of the
disturbance intensities of plateau pika on the soil nutrient concentra-
tions of the alpine meadow. Several studies showed that the soil organic
carbon (SOC), total nitrogen (TN), total phosphorus (TP), and NH4

+-N
decrease, while NO3

−-N increases with the increase of the disturbance
intensity of plateau pika (Liu et al., 2013; Sun et al., 2015a). Another
study argued that the SOC, TN and inorganic nitrogen (NO3

−-N and
NH4

+-N) show no obvious relationship with the disturbance intensities
of plateau pika (Peng et al., 2015). However, those studies neglected
the difference in soil nutrient concentrations between vegetated land
and bare land. Although Guo et al. (2012) proposed that moderate
disturbance by plateau pika increases the soil organic matter, TN, and
TP concentrations both of vegetation land and bare land, that study
ignored the difference of alpine meadow types under different dis-
turbance intensities of plateau pika. Therefore, more research is war-
ranted to test the difference in soil nutrient concentrations of bare land
and vegetated land for the same alpine meadow type.

This study aimed to assess the effect of the disturbance caused by
plateau pika and the disturbance intensity of plateau pika on the soil
nutrient concentrations of vegetated land and bare land in the K. pyg-
maea meadow across three sites. Specifically, we hypothesized that (1)
the soil nutrient concentrations between vegetated land and bare land
are inconsistent, (2) different disturbance intensities of plateau pika
have different influences on the soil nutrients of vegetated land and
bare land, (3) the response of soil nutrients in three study sites to the
disturbance and disturbance intensities of plateau pika is inconsistent,
and (4) an appropriate disturbance intensity of plateau pika is bene-
ficial to soil nutrients in the QTP. These findings will provide more
comprehensive information for understanding the influence of the
plateau pika bioturbation on the soil nutrients.

2. Materials and methods

2.1. Study area description

The study sites were located in Luqu County (102°18′37″ E,
34°20′36″ N), Maqu County (101°53′15″ E, 33°40′41″ N) and Gonghe
County (99°35′46″ E, 36°44′34″ N), which are situated in the QTP,
China (Fig. 1). The altitudes of the study sites are 3550 m in Luqu
County, 3530 m in Maqu County and 3750 m in Gonghe County. The
study areas experience a cold and humid plateau continental climate
with mean annual temperature of 1 °C to 3 °C and mean annual pre-
cipitation ranging from 600 mm to 800 mm in Luqu County and Maqu
County and from 250 mm to 500 mm in Gonghe County, and 80% of
the annual rainfall falls in the short summer growing season during the
period of June–September. The mean annual potential evaporation is
1100 mm to 1300 mm in Luqu County and Maqu County and 800 mm
to 1000 mm in Gonghe County.

The K. pygmaea meadow is the main and widest distribution alpine
meadow in the three Counties where plateau pikas are present. The
field survey was restricted to K. pygmaea meadow. The dominant spe-
cies of this alpine meadow is K. pygmaea, which is a perennial forb and
a native species, and its height is approximately 1–3 cm. The main as-
sociated plant species are Elymus nutans, Poa pratensis, Anemone obtu-
siloba, A. rivularis, Potentilla anserine, P. fragarioides, and Saussurea
hieracioides (Yu et al., 2016; Pang and Guo, 2017; Yu et al., 2017).

Based on the Chinese soil classification system (Gong, 2001), the soil
type in the field survey areas is subalpine meadow soil with a mattic
epipedon at approximately 7 cm in the topsoil, which is an organic
matter-rich soil horizon. This alpine meadow is often grazed by yaks
and Tibetan sheep via warm and cold season pastures rotational
grazing. Overgrazing and high disturbance intensity of plateau pika are
considered to contribute to the increase in soil erosion (Delibes-Mateos
et al., 2011; Sun et al., 2015a) and lead to the alpine meadow de-
gradation (Wangdwei et al., 2013).

2.2. Experimental design

The density of plateau pika population can grow rapidly within a
relatively short period, with a peak in early August (Smith and Gao,
1991). During this period, plateau pika disturb the alpine meadow most
(Guo et al., 2012). During the period of August 2015, the field surveys
at the three sites were carried out in the winter-grazed alpine meadow
(no grazing in growth season). Bare lands caused by plateau pika were
easily visible and differed from the signs of disturbance caused by other
animals. It was difficult to estimate directly the density of plateau pika
population because the plateau pika is a social animal that moves and
produces 2–5 litters (litter size range = 2–7) with a 3-week interval
between each litter in the breeding season. Therefore, the density of
active burrow entrances was used to indicate the disturbance intensity
of plateau pika in the QTP (Guo et al., 2012; Sun et al., 2015b; Wu
et al., 2015; Liu et al., 2017; Yu et al., 2017), similar to the Spalacopus
cyanus in North-Central Chile (Escobedo et al., 2017).

At each site, 10 plots 25 m× 25 m in size were selected in the areas
where plateau pikas were present. We plugged burrows for three days
and recorded the number of plugs that were cleared by plateau pikas to
allow access to the meadow surface (Guo et al., 2012; Desoky, 2015;
Escobedo et al., 2017). The average number of burrow entrances per
plot with plugs that were cleared by plateau pikas in three days was
considered to be the value of active burrow entrances of that plot.

The bare land produced by plateau pika was always found near
burrow entrances and showed a mosaic distribution in vegetated land.
During the period of August 2015, five bare lands were randomly se-
lected in each plot as bare subplots to collect the soil, and five vegetated
subplots in vegetated land were determined by the corresponding po-
sition of bare subplots in order to ensure that the distance between
vegetated subplot and bare subplot was approximately 1 m (Fig. 2).
Before collecting soil samples, plant litter from the soil surface in sub-
plots was cleared out. Next, 20-cm long soil cores were collected by a
cylindrical metal core sampler 5 cm in diameter because most plant
roots were within 10 cm of the soil surface (Bueno et al., 2013; Chen
et al., 2017), and generally, the plateau pikas burrows did not go deeper
than 20 cm (Wei et al., 2007). Five soil subsamples in each bare subplot
were disaggregated and thoroughly mixed to provide a homogeneous
and composite sample that was representative of the bare subplot, and
four soil subsamples in each vegetated subplot were determined by the
corresponding position of bare subplots (Fig. 2). We collected a total of
300 composite soil samples, of which 150 composite soil samples each
were from bare subplots and vegetated subplot. The composite soil
samples were stored in a cool box until further processing in the la-
boratory. The geographical coordinates of field survey sites at each
county were recorded by using a handheld GPS (Garmin eTrex 201X,
Garmin, USA).

2.3. Soil analyses

Each composite soil sample was air-dried at room temperature and
pulverized. The dried soil samples were sieved through a 2-mm wire
mesh to remove large particles (stones and gravel), loose vegetative
debris and visible roots as much as possible and were used to analyze
the soil nutrient concentrations. TN and SOC were measured via the
Kjeldahl procedure (Foss Kjeltec 8400, FOSS, DK) and Walkley-Black
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method (Nelson and Sommers, 1982), respectively. TP and total po-
tassium (TK) were measured by Mo-Sb colorimetry (UV-2102C, UNICO,
Shanghai, China) and flame photometry (Model 2655-00 Digital Flame
Analyzer, Cole-Parmer Instrument Company, Chicago, IL, USA), re-
spectively, after the soil was digested with perchloric and nitric acid
(Nelson and Sommers, 1982). Available nitrogen (nitrate nitrogen and
ammonium nitrogen) was extracted with potassium chloride (KCl,
2 mol L−1), and the concentrations were measured by the flow injec-
tion method (FIAstar 5000 Analyzer, FOSS, DK). Available potassium
(AK) was extracted by NH4OAc and was later measured by flame
photometry (Nelson and Sommers, 1982). Available phosphorus (AP)
was extracted by NaHCO3 and was measured by Mo-Sb colorimetry
(Nelson and Sommers, 1982).

2.4. Statistical analyses

For repeated-measure ANOVA (mixed-model ANOVAs), we used the
lme4 package in R for fitting linear mixed model (LMM) (Bates, 2005;
Kabacoff, 2011). To determine whether the disturbance caused by
plateau pika bioturbation significantly altered the soil nutrients, we
used two complementary analyses, an LMM and a Wilcoxon-Mann-
Whitney test. The LMM was used to analyze the relative effect of the
disturbance on the soil nutrients at the three study sites, in which each
soil nutrient acted as a response variable for the model, and the bare/
vegetated subplots (Disturbance), as well as the three sites (Site) (that

were transformed into dummy variables), and their interactions were
introduced as predictors. Specifically, the Site was added to the model
as a random factor, and the number of active burrows at each sample
point as a covariate. In addition, we clarified the responses of soil nu-
trients to the disturbance intensity of plateau pika. The active burrow
entrance densities were considered to be the fixed factor and these was
used to construct a regression analysis. The regression curves of soil
nutrients/disturbance intensity were obtained using the LOESS model
or linear model (LM).

To evaluate the effects of the disturbance on the soil nutrients
within each site, non-parametric Wilcoxon-Mann-Whitney tests were
used because the soil samples were paired, and their normality could
not be assumed (Moore et al., 2008; Bueno et al., 2013). These analyses
complemented the LMM because they can identify the effects of the
disturbance on the soil nutrients that were specific to each site, which
might be undetected in LMM. All of the statistical analyses were per-
formed with R Version 3.2.2.

3. Results

3.1. Densities of active burrow entrance in the three study sites

The field survey results showed that active burrow entrances of the
10 plots within disturbed areas were 144, 192, 288, 352, 416, 496, 576,
736, 832, and 896 per ha in Luqu County, 112, 192, 272, 384, 432, 512,

Fig. 1. Location of study sites in the Qinghai-
Tibetan Plateau (QTP) of China. Mapped expan-
sion of points Luqu County, Maqu County and
Gonghe County correspond to three study sites,
respectively.

Fig. 2. Approximate orientation of soil sampling transects
over each bare subplot and vegetated subplot.
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576, 752, 928, and 1040 in Maqu County, and 32, 80, 112, 128, 176,
208, 240, 416, 464, and 512 in Gonghe County. The average active
burrow entrances (averages ± SD) in disturbed areas were
493 ± 263 per ha in Luqu County, 520 ± 308 per ha in Muqu
County, and 237 ± 169 per ha in Gonghe County. The burrow en-
trances were significantly different among the three study sites (Fig. 3).

3.2. Effects of disturbance caused by plateau pika bioturbation on soil
nutrient concentrations

With the exception of TK and AK concentrations, the disturbances
had significant effects on other nutrient concentrations measured
(Tables 1 and 2). Accounting for an overall scale effect, TN, SOC and TP
concentrations of bare land were significantly lower than those of ve-
getated land, while NO3

−-N, NH4
+-N and AP concentrations tended to

be higher of bare land than in vegetated land across the three study sites
(Fig. 4).

Accounting for a site scale effect, similar responses of soil nutrient

concentrations to disturbance were observed in the three study sites
with the exception of TP concentrations (Table 2). The responses of TP
concentrations to disturbance were site-dependent. TP concentrations
in bare land were lower than in vegetated land, and the difference in TP
concentrations between bare land and vegetated land was significant in
Gonghe County but was not significant in Maqu County and Luqu
County.

3.3. Effects of the disturbance intensity of plateau pika on soil nutrient
concentrations

With the exception of TK and AK concentrations, other soil nutrient
concentrations of bare land and vegetated land across the three sites
were strongly influenced by the disturbance intensity of plateau pika
(Figs. 5, 6 and 7). In Maqu County and Luqu County, TN, SOC and TP
concentrations of vegetated land significantly increased at first and
later decreased notably, while NO3

−-N, NH4
+-N and AP concentrations

dropped significantly at first and later increased rapidly, and the all soil
nutrients of bare land slightly increased at first and subsequently
sharply declined as the disturbance intensity of plateau pika increased,
indicating that disturbance intensities of plateau pika had a clear
threshold for K. pygmaeameadow. In Gonghe County, the highest active
burrow entrance density was 512 per ha, and TN, SOC and TP con-
centrations of vegetated land significantly increased, while NO3

−-N,
NH4

+-N and AP concentrations significantly decreased, and all soil
nutrients of bare land increased with the increase of disturbance in-
tensity of plateau pika. The results from Gonghe County indirectly re-
sembled the results from Maqu County and Luqu County, and the re-
sponse of soil nutrient to the disturbance intensities of plateau pika was
consistent across the three study sites.

This study also revealed a broad common pattern concerning the
response of the soil nutrients of vegetated land and bare land to the
disturbance intensities of plateau pika across the three study sites. With
the exception of TK and AK concentrations, other soil nutrients of ve-
getated land and bare land showed significant unimodal curvilinearity
as the disturbance intensity of the plateau pika increased (Figs. 8, 9).
The threshold of disturbance intensities was 436 (436 ± 42) per ha
and 362 (362 ± 105) per ha for vegetated land and bare land, re-
spectively.

4. Discussion

Plateau pika bioturbation usually creates discrete and distinctive
bare land widely distributed over the alpine meadow in the QTP
(Davidson and Lightfoot, 2008; Wu et al., 2015), and this disturbance
causes soil redistribution and possibly affects soil nutrient concentra-
tions among different horizons of alpine meadow. Our results show that
the disturbance caused by plateau pika bioturbation strongly affects
most soil nutrient concentrations with the exception of TK and AK.
Total nutrient concentrations (TN, SOC and TP) of bare land sig-
nificantly decreased but available nutrient concentrations (NO3

−-N,
NH4

+-N and AP) of bare land significantly increased, and similar results
also have been found in disturbance created by badgers (Taxidea taxus),
in which total carbon and nitrogen concentrations decrease in bare land
(Eldridge and Whitford, 2009).

We present several explanations for why the disturbance decreases
TN and SOC concentrations of bare land. First, the decrease in the input
of organic matter enables the TN and SOC concentrations to reduce
because the vegetation cover and biomass of bare land is absent (Zhang
et al., 2016). Second, the deep layer soils with low organic substances
have been carried to overlay the original topsoil in the process of soil
turnover, which contributes to the reduction of TN and SOC con-
centrations (Kurek et al., 2014). Finally, plant materials on the surface
are subject to abiotic breakdown by ultraviolet light, and they are
subsequently lost from the ecosystem through comminution by the
wind and thus will not return to the topsoil, making them unavailable

Fig. 3. Active burrow entrance densities of plateau pika in the three study sites of the
QTP, China. Lower-case letters indicate significant differences among the three study sites
based on a non-parametric multiple test at alpha < 0.05. ABED: active burrow entrance
densities. From top to bottom of standard boxplot are the maximum, the third quartile,
median, first quartile, and minimum.

Table 1
Soil nutrients in relationship to the disturbance caused by plateau pika bioturbation in the
three study sites of the Kobresia pygmaea meadow in the Qinghai-Tibetan Plateau (QTP),
based on linear mixed models.

Response
variable

Linear mixed models (site as a random factor, number of active
burrows at each sample point as a covariate)

Site Disturbance Site × disturbance

F p value F p value F p value

TN (g kg−1) 66.484 0.001 54.387 0.001 5.539 0.063
SOC (g kg−1) 31.977 0.009 79.459 0.001 2.860 0.239
TP (g kg−1) 12.605 0.002 21.259 0.001 3.713 0.156
TK (g kg−1) 0.618 0.734 0.555 0.456 2.492 0.28
NO3

−-N
(mg kg−1)

2.065 0.356 96.731 0.001 0.050 0.975

NH4
+-N
(mg kg−1)

2.797 0.247 73.133 0.001 6.003 0.049

AP (mg kg−1) 24.313 0.001 73.585 0.001 3.505 0.173
AK (mg kg−1) 92.815 0.001 1.577 0.209 4.191 0.123

Each soil nutrient acts as a response variable while the predictors were as follows: the
bare/vegetated subplots (disturbance), the three study sites (site), and the interaction of
both. The factor of site acted as a random variable. TN: total nitrogen; SOC: soil organic
carbon; TP: total phosphorus; TK: total potassium: AP: available phosphorus; AK: avail-
able potassium.
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to the microbes and microarthropods and hence contributing little to
the soil nutrient pools (Eldridge et al., 2009; James et al., 2009). The
reason that the disturbance decreases the TP concentration of bare land
rather than the TK concentration is related to in TP and TK components.
TP and TK are mainly dependent on the soil parent material, and TP
mainly consists of inorganic and organic phosphorus. The disturbance
reduces the soil organic material, and accordingly decreases the accu-
mulation of organic phosphorus concentration of bare land (Malizia
et al., 2000; Liu et al., 2005), which contributes to reduction of TP. The
TK concentration in soil organic material is much lower than that in the
soil parent material (Liu et al., 2005), inferring that the decrease of the
input of soil organic material contributes little to TK concentration.
Therefore, the disturbance produced by plateau pika bioturbation de-
creases TP concentrations, while it has no effect on TK concentration
under the same soil parent material conditions.

Although dead roots and litter are stored in the form of organic
matter, the extremely cool climate in the study areas causes this organic

matter to decompose slowly (Gong, 2001), resulting in a relatively low
availability of nutrients to plants. Our findings show that the dis-
turbance simultaneously increases the availability of soil NO3

−-N,
NH4

+-N and AP of bare land, which is in agreement with results from
other studies of bioturbation of small burrowing mammals, such as
pocket gopher (Canals et al., 2003) and plateau zokor (Zhang et al.,
2014), arctic fox (Gharajehdaghipour et al., 2016) and pack rats
(Whitford and Steinberger, 2010). These suggest that disturbance
manifests the breakup the original balance of soil nutrient mineraliza-
tion, which is conducive to the formation of productive soil that has
nutrients available to plants. There are several reasons that disturbance
increases available nutrient concentrations. First, disturbance increases
soil moisture and oxygenation (lower soil hardness) of bare land
(Malizia et al., 2000; Guo et al., 2012) by breaking up stable aggregates
of soil particles (Canals et al., 2003; Zhang et al., 2016), which in-
creases the nitrogen mineralization rate, resulting in higher available
nitrogen concentrations of bare land; second, greater mixing of soil and

Table 2
Soil nutrient concentrations (mean ± standard deviation) of bare land and vegetated land in Maqu County, Luqu County and Gonghe County of the QTP.

Nutrients (unites) Maqu County p value Luqu County p value Gonghe County p value

Bare land Vegetated land Bare land Vegetated land Bare land Vegetated land

TN (g kg−1) 1.90 ± 0.21 2.24 ± 0.16 0.001 2.23 ± 0.30 3.00 ± 0.37 0.000 2.67 ± 0.20 3.39 ± 0.60 0.002
SOC (g kg−1) 34.22 ± 4.44 42.92 ± 4.52 0.000 41.20 ± 2.85 47.13 ± 3.43 0.001 41.03 ± 3.74 50.52 ± 4.06 0.000
TP (g kg−1) 0.43 ± 0.11 0.48 ± 0.08 0.280 0.38 ± 0.05 0.42 ± 0.07 0.105 0.40 ± 0.04 0.51 ± 0.07 0.005
TK (g kg−1) 21.33 ± 1.90 22.29 ± 3.59 0.579 22.18 ± 2.92 20.41 ± 3.44 0.280 22.05 ± 2.43 21.27 ± 3.03 0.684
NO3

−-N (mg kg−1) 21.06 ± 3.71 13.91 ± 1.85 0.000 19.89 ± 3.95 13.10 ± 2.96 0.002 21.93 ± 2.20 14.86 ± 2.75 0.000
NH4

+-N (mg kg−1) 17.02 ± 2.08 10.81 ± 3.33 0.000 14.59 ± 1.62 11.13 ± 1.51 0.001 15.15 ± 1.77 11.55 ± 1.83 0.001
AP (mg kg−1) 19.91 ± 2.42 16.15 ± 1.22 0.001 19.46 ± 2.83 14.73 ± 1.79 0.001 18.05 ± 3.05 11.67 ± 2.73 0.000
AK (mg kg−1) 182.65 ± 15.93 179.72 ± 17.58 0.481 194.93 ± 9.03 197.17 ± 12.57 0.796 216.70 ± 19.51 229.22 ± 16.57 0.130

Significant differences between the bare land and vegetated land were tested by using a Wilcoxon-Mann-Whitney test. TN: total nitrogen; SOC: soil organic carbon; TP: total phosphorus;
TK: total potassium: AP: available phosphorus; AK: available potassium.

Fig. 4. Concentrations of the significant soil nutrients that differ in bare land and vegetated land according to the plateau pika bioturbation. The values were obtained from the linear
mixed models with respect to the disturbance by plateau pika bioturbation in the Kobresia pygmaea meadow across the three study sites (see Table 2 for details). From top to bottom of
standard boxplot are the maximum, the third quartile, median, first quartile, and minimum.
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litter in the developing process of bare land will be beneficial to closely
contacting soil-borne fungi and micro-arthropods with litter (James
et al., 2009), which is an effective means of causing litter to be de-
composed by microbes, theoretically forming more soil available

nutrients; third, the excretion activity of plateau pika is likely to com-
pensate or increase somewhat the available N and P of bare land be-
cause small burrowing mammals excrete more frequency near burrow
entrances (Willott et al., 2000; Hutchings et al., 2001; Kurek et al.,

Fig. 5. Soil nutrient concentrations of bare land and vegetated land for different disturbance intensities of plateau pika in Maqu County were based on LOESS model. For a detailed
visualization of the relationship between the disturbance intensity and soil nutrient concentrations, an adjusted local smoothed regression line (black) with its 95% confident interval
(gray) was used. ABED: active burrow entrance densities.

Fig. 6. Soil nutrient concentrations of bare land and vegetated land for different disturbance intensities of plateau pika in Luqu County were based on LOESS model. For a detailed
visualization of the relationship between the disturbance intensity and soil nutrient concentrations, an adjusted local smoothed regression line (black) with its 95% confident interval
(gray) was used. ABED: active burrow entrance densities.

C. Yu et al. Geoderma 307 (2017) 98–106

103



Fig. 7. Soil nutrient concentrations of bare land and vegetated land for different disturbance intensities of plateau pika in Gonghe County were based on LOESS model. For a detailed
visualization of the relationship between the disturbance intensity and soil nutrient concentrations, an adjusted local smoothed regression line (black) with its 95% confident interval
(gray) was used. ABED: active burrow entrance densities.

Fig. 8. Soil nutrient concentrations of vegetated land for different disturbance intensities of plateau pika across the three study sites were based on linear model (LM). For a detailed
visualization of the relationship between the disturbance intensity and soil nutrient concentrations, an adjusted local smoothed regression line (black) with its 95% confident interval
(gray) was used. ABED: active burrow entrance densities.
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2014). Available nutrient accumulation of bare land often make bare
land develops a “fertile island” with higher nitrogen and phosphorus
concentrations (Malizia et al., 2000; Galiano et al., 2014; Yurkewycz
et al., 2014), which provides good habitat and “safe sites” for the
growth of rare plant species and the nitrophilous graminoid plants,
many of which are high in crude protein and digestibility (Fleming
et al., 2014; Wu et al., 2015; Gharajehdaghipour et al., 2016). To a
certain extent, higher available nutrient concentrations of topsoil de-
veloped by plateau pika bioturbation will improve the grazing quality
and maintain high plant diversity of alpine meadow in the QTP.

Our study further found that the effect of the disturbance caused by
plateau pika on soil nutrient concentrations is closely related to the
disturbance intensities of plateau pika. TN, SOC and TP are significantly
higher at moderate disturbance intensities of plateau pika than that at
low or high disturbance intensities both in vegetated land and bare
land. These results suggest that the appropriate disturbance intensity is
conducive to maximize the storage of soil carbon, nitrogen and phos-
phorus pools, and this was also reported for the Guoluo regions in the
QTP (Guo et al., 2012; Sun et al., 2015a). In vegetated land, plateau
pika disturbance within its threshold improved the physical and che-
mical properties of surface soil (Guo et al., 2012; Dong et al., 2013; Yu
et al., 2017), encouraging microorganisms to decompose litter and dead
roots, which contributes to the increase of TN, SOC and TP. When the
disturbance intensity is over its threshold, the decrease in the input of
organic matter, resulting from low vegetation biomass (Liu et al., 2013;
Sun et al., 2015a), reduces the TN, SOC and TP concentrations. In bare
land, TN, SOC and TP concentrations show a slightly increasing trend
when the disturbance intensity is below its threshold. For a small
amount of bare land, vegetation near the bare land has a buffer function

to maintain the TN, SOC and TP of the bare land (Guo et al., 2012), and
the urine and fecal deposition of plateau pika contributes to increases of
TN, SOC and TP concentrations (James et al., 2009). The responses of
available nutrient concentrations to the disturbance intensity of plateau
pika are different between vegetated land and bare land. Our findings
show that moderate disturbance intensities significantly decrease
NO3

−-N, NH4
+-N and AP concentrations of vegetated land, while high

disturbance intensities significantly decrease NO3
−-N, NH4

+-N and AP
concentrations of bare land. In vegetated land, this finding may be
ascribed to moderate disturbance intensities improving plant biomass
near burrow entrances when compared to the control sites (without
plateau pika burrows) (Zhang et al., 2016), and higher plant absorption
and utilization may contribute to a decrease in available nutrient con-
centration of topsoil (Galiano et al., 2014). In bare land, high dis-
turbance intensities of plateau pika reduce the vegetation cover and
increase the bare land area (Qi et al., 2008; Dong et al., 2013), where
the shortage of vegetation buffer and the low utilization of plants col-
lectively reduce the available nutrients concentration of topsoil.

The responses of the main soil nutrient concentrations to the dis-
turbance intensity of plateau pika in this study are different from the
results from the Three Rivers Headwaters region (Liu et al., 2013; Peng
et al., 2015) and Guoluo regions (Guo et al., 2012; Sun et al., 2015a), in
which alpine meadow types or bare land have been not considered in
the process of collecting soil samples. Therefore, studies of the re-
sponses of the main soil nutrient concentrations to the plateau pika
bioturbation should choose the same alpine meadow to avoid the ef-
fects of different alpine meadow types on soil nutrient concentrations;
meanwhile, we should consider the effect of the disturbance on the soil
nutrient concentrations by choosing an appropriate scale.

Fig. 9. Soil nutrient concentrations of bare land for different disturbance intensities of plateau pika across the three study sites were based on LM. For a detailed visualization of the
relationship between the disturbance intensity and soil nutrient concentrations, an adjusted local smoothed regression line (black) with its 95% confident interval (gray) was used. ABED:
active burrow entrance densities.
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5. Conclusions

Our results show that the disturbance within the threshold of dis-
turbance intensity of plateau pika is beneficial to the storage of soil
carbon and nitrogen pools. The increase of available soil nitrogen
(NO3

−-N, NH4
+-N) in the QTP will optimize the grazing quality and

keep high plant diversity of alpine meadow by providing good habitats
for some rare plants and supplying nutrients for the nitrophilous gra-
minoid plants to grow well in bare land. When the disturbance intensity
is over the threshold, the beneficial effectiveness of the disturbance will
weaken for alpine meadow. These results will help to elucidate the role
of plateau pika in the alpine meadow ecosystem of the QTP and to
provide comprehensive information regarding plateau pika bioturba-
tion influencing the soil nutrient concentrations.
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