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Abstract
Purpose The alpine meadow has received mounting attention
due to its degradation resulting from overgrazing on the
Tibetan Plateau. However, belowground biotic characteristics
under varied grazing stresses in this ecosystem are poorly
understood.
Materials and methods Here, the responses of soil protozoan
abundance, community composition, microbial biomass, and
enzyme activity to five grazing patterns including (1) artificial
grassland without grazing (AG), (2) winter grazing (WG), (3)
grazing for 7 months within a fence (GF), (4) continuous
grazing for a whole year (CG), and (5) natural heavy grazing
(HG) were investigated for two continuous years. Soil proto-
zoan community composition was investigated using the most
possible number (MPN) method, and soil microbial biomass
and enzyme activity were analyzed using chloroform fumiga-
tion extraction and substrate utilization methods, respectively.
Multivariate statistical analysis, the analysis of variance
(ANOVA), multiple comparisons, and correlation analysis
were together performed.

Results and discussion The WG treatment had the highest
abundance of total protozoa (2342–2524 cell g−1).
Compared with AG treatment, HG treatment significantly re-
duced the abundance of soil total, flagellate and ciliate proto-
zoa, and protease activities in 2012 and 2013. Significantly,
lower soil microbial biomass nitrogen (MBN) was also ob-
served in the HG (6.60 and 14.6 mg N kg−1) than those in
other four treatments (22.3–82.9 mg N kg−1) both in 2012 and
2013, whereas significantly higher microbial biomass carbon
(MBC) was observed in HG than that in AG treatment in
2012. Moreover, significantly positive correlations were de-
tected between the abundance of soil protozoa and soil mois-
ture, pH, organic C, total N, and MBN. Our results indicated
that soil protozoa showed a negative response to increasing
grazing intensities and therefore, suggesting that aboveground
grazing practices also exerted strong impact on belowground
protozoa, not only on soil microbial characteristics.
Conclusions Soil protozoan community composition was ap-
parently different between the HG treatment and other four
grazing patterns and was potentially impacted by altered soil
properties and MBC and/or MBN. Our results suggested that
moderate grazing may sustain better belowground biotic di-
versity and ecosystem functioning in this alpine meadow on
the Tibetan Plateau.

Keywords Alpinemeadow .Microbial activity . Grazing
intensity .Soilenzymeactivity .Soilprotozoa .TibetanPlateau

1 Introduction

Livestock overgrazing is one of the primary factors that elicit
grassland degradation and desertification (Akiyama and
Kawamura 2007; Wu et al. 2009). Aboveground and below-
ground ecosystems are directly or indirectly affected by
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livestock feeding, trampling, and feces extraction (Bardgett
et al. 1998; Neilson et al. 2002; Wang et al. 2006; Qi et al.
2011; Kuijper and Bakker 2012). For example, increased her-
bivore trampling and feces extraction decreased soil moisture
and pH but increased soil bulk density (Ekelund and Ronn
1994; Holt 1997; Li et al. 2005). Livestock herbivores have
altered plant community structure and productivity by
selecting for dominant plant species with low nutrient require-
ments and low-quality leaf litter (Steffens et al. 2008; Teague
et al. 2011; Wu et al. 2012a). Long-term intensive grazing
reduces plant productivity and soil organic matter, leading to
grassland degradation (Qi et al. 2011; Ramos et al. 2011). In
addition, high grazing intensity also alters the community of
soil biota, which maintains fundamental soil functions in ter-
restrial ecosystem. In correspondence with the Bgrazing opti-
mization hypothesis^, previous studies have demonstrated
that soil microorganisms generally show significant variation
among grazing intensities and have higher microbial biomass
and diversity under light grazing because of improved plant
litter quality and increased soil nutrient availabilities (Dyer
et al. 1986; Neilson et al. 2002; Li et al. 2005; Qi et al.
2011; Stark et al. 2015).

Soil protozoa are an indispensable part of the Bmicrobial
loop^ around plant roots and release nearly one-third of avail-
able N that ultimately stimulates plant growth (Bonkowski
and Brandt 2002). Soil protozoa are regarded as a model
bioindicator for monitoring belowground ecosystems because
of their delicate cell-membranes, rapid reproduction, short
generation time, and ubiquity in most ecosystems (Ekelund
and Ronn 1994; Foissner 1999). Soil protozoa also have the
potential to indicate the variation in different soil environ-
ments, such as tundra, moorland, and polluted soil (Nguyen-
Viet et al. 2007; Cebron et al. 2011; Tsyganov et al. 2011;
Turner and Swindles 2012). The abundance of soil protozoa
could be improved by stimulating aboveground plant produc-
tivity and increasing C and N inputs under light or moderate
grazing intensity (Hamilton and Frank 2001;Wu et al. 2012a).
Soil protozoan community has been observed to be negatively
affected by grazing, primarily due to soil compaction and
lower soil water content (Ekelund and Ronn 1994; Holt
1997). Furthermore, soil protozoa have been shown to be
more sensitive to grazing pressure than soil microbes or soil
nematodes in the semiarid steppe of Inner Mongolia (Li et al.
2005; Qi et al. 2011). However, the responses of the soil pro-
tozoan community to different grazing intensities in alpine
meadow ecosystem remain poorly understood.

Soil microbes play a crucial role in soil nutrient cycling and
organic matter mineralization in terrestrial ecosystems, and it
is common to assess microbial activity and community func-
tion under contrasting land management practices based on
analyzing soil enzyme activity and soil microbial biomass
(Bardgett and McAlister 1999; King and Hutchinson 2007;
García-Ruiz et al. 2008; Figuerola et al. 2012; Esch et al.

2013). Given the roles in maintaining soil function and regu-
lating soil biogeochemical processes, such as organic matter
transformation, mineralization, and nutrient recycling (García-
Ruiz et al. 2009; Wu et al. 2012b), soil enzymes have been
used to monitor early environmental changes induced by pol-
lution and soil disturbance (Holt 1997; Badiane et al. 2001; Su
et al. 2005; Karaca et al. 2011). For grasslands, grazing is the
main type of disturbance and may influence soil enzyme ac-
tivity by reducing organic matter input as well as decelerating
soil C, N, and P cycling (Acosta-Martínez et al. 2010; Fterich
et al. 2012). Low enzyme activity is generally detected in
grazed pastures rather than in non-grazed pastures because
of reduced organic matter input, although there was no signif-
icant variation in some enzymes under grazing (Acosta-
Martínez et al. 2010; Fterich et al. 2012). In addition, moder-
ate grazing pressure increased enzyme activity by improving
microbial biomass (Bardgett et al. 1998; Singh and Rai 2004;
Xu et al. 2007; Olivera et al. 2014).

Alpine meadows are widespread at altitudes from 3500 to
5500 m and cover approximately 1.2 × 106 km2, accounting
for 48% of the plateau’s land area on the Tibetan Plateau (Cao
et al. 2004). This grassland ecosystem is essential in maintain-
ing the climate and biodiversity of the alpine region for sus-
tainable pastoralism (Chen et al. 2008; Long et al. 2008;
Zhang et al. 2012; Dorji et al. 2014). However, alpinemeadow
degradation, mainly induced by grazing pressure (i.e., in-
creases in livestock), is a serious issue on the Tibetan
Plateau. One-third of grassland areas have been recently re-
ported to be suffering from different levels of degradation and
even from desertification (Zhou et al. 2004; Wang et al. 2007;
Wu et al. 2009; Feng et al. 2010; Harris 2010; Wu et al.
2012a). Although grazing effects on alpine meadow of the
Tibetan Plateau have been previously documented in terms
of plant cover biomass (Sun et al. 2011) and soil organic C
and N mineralization (Wu et al. 2010; Rui et al. 2011), few
studies focus on the soil microfauna (i.e., soil protozoa) and
microbial (i.e., biomass and enzyme activity) responses to
grazing patterns. A better understanding of soil biotic func-
tioning linked to higher aboveground productivity is essential
to prevent degradation and to manage sensitive ecosystems
such as the grasslands on the Tibetan Plateau in a sustainable
way (Ros et al. 2006).

In this study, soil samples from grasslands undergoing five
different grazing intensities [artificial grassland without herbi-
vore grazing (AG), winter grazing (WG), grazing within a
fence (GF), continuous grazing (CG), and natural heavy graz-
ing (HG)] were collected in 2012 and 2013. Soil protozoan
abundance, soil microbial biomass C (MBC) and N (MBN),
and the activities of four enzymes (catalase, cellulase, prote-
ase, and urease), which typically reflect C and N transforma-
tion in soil, were measured. The aims of this study were (1) to
assess the effects of grazing intensity on the soil protozoan
abundance and community, soil microbial biomass, and
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enzyme activities and (2) to reveal the relationships among
soil protozoa abundance, microbial biomass, and soil physi-
cochemical properties. We hypothesized that heavy grazing
pressure would have a negative effect on soil protozoan com-
munity and microbial activity, and moderate grazing pressure
could improve the biological property in alpine meadow ac-
cording to Bgrazing optimization hypothesis^ proposed by
Dyer et al. (1986).

2 Materials and methods

2.1 Sampling sites

Soil samples were obtained from experimental plots at the
Damxung Grassland Observation Station (30°29′-30°30′N,
91°04′E) in Damxung County, the Autonomous Region of
Tibet, China. The average altitude of at the station is
4300 m. The experimental area has a continental climate with
semi-dry monsoons. The annual mean amount of sunshine at
the experimental site is 2881 h, and the annual mean solar
radiation is 7528 MJ m−2. The annual mean precipitation in
this area is 480 mm, and precipitation mainly occurs from
June to September. The annual mean air temperature is
1.3 °C, ranging from a minimum of −10.4 °C in January to a
maximum of 10.7 °C in July. Soil type is sandy loam. The
vegetation is dominated by the perennial sedges Kobresia
pygmaea and Carex montis-everestii and the grass Stipa
capillacea, and accompanied by herbs such as Anaphalis
xylorhiza and Potentilla bifurca. The mean canopy height is
less than 10 cm (Xu et al. 2005; Zhang et al. 2009).

2.2 Experimental design

We focused on five grazing patterns which are listed by in-
creasing intensity according to both number of livestock and
the grazing time: (1) artificial grassland without herbivore
grazing (AG), (2) winter grazing by 60 Tibetan yaks and 36
sheep (WG), (3) grazing by 60 Tibetan yaks and 36 sheep for
7 months of the year within a fence (GF), (4) continuous
grazing by 60 Tibetan yaks and 36 sheep over a whole year
(CG), and (5) heavy grazing by 120 Tibetan yaks and 72 sheep
(HG). The research area was highly uniform with vegetation
cover and all grazing experiments were initiated in 2008.
Three 10 × 10 m plots (>2 m from each other) were randomly
established in each grazing experimental sites for soil
sampling.

2.3 Sample collection and preprocessing

Soil samples were collected twice from the upper 15 cm in
each experimental treatment in August of 2012 and 2013.
Fifteen soil cores (3.5 cm diameter, 15 cm depth) were

collected from each plot and then mixed thoroughly to obtain
a composite soil sample, resulting in a total of 30 soil samples
(5 grazing treatments × 3 replicates × 2 years). Samples were
stored in a cooler and immediately transported to the labora-
tory. Samples were passed through a 2-mm sieve to remove
roots and rock particles and then divided into two portions.
One subsample was air dried at room temperature for soil
physicochemical analyses. The other part was kept moist at
4 °C for microbial and protozoan community analyses.

2.4 Soil protozoan community analyses

The quantity of soil protozoawas counted by using themethod
of three seriesof 10-folddilutionswith three replicates.The soil
suspensions of eachdilutionwere examined after culture on the
4th, 7th, and11th days, and the number of amoebae, flagellates,
and ciliates in each dilutionwas counted based on the presence
of protozoa in three dilution gradients by the most possible
number (MPN)method and recorded according to their shapes,
sizes, and movement patterns (Yin 1998).

2.5 Measurement of soil physicochemical properties
and soil microbial biomass C and N

Soil moisture was measured gravimetrically using the oven
drying method. Soil pH was determined by a soil-to-water
ratio of 1:2.5 (Lu 1999). Soil microbial biomass C and N
(MBC and MBN) were determined using the chloroform fu-
migation extraction method, which measured the differences
between organic C and N extracted with 0.5 M K2SO4 from
chloroform-fumigated and un-fumigated soil samples. Soil
MBC and MBN were calculated using the conversion factors
Kec (0.38) andKen (0.54), respectively (Vance et al. 1987). The
soil samples were cultured at 25 °C for 1 week, and water
holding capacity was regulated at approximately 50%. The
assays of the soil organic carbon (OC) and total nitrogen
(TN) were carried out using a liquid model TOC analyzer
(Vario, Elementar, Germany) and continuous flow analyzer
(AA3, SEAL, Germany).

2.6 Soil enzyme activity analysis

The activities of soil catalase, cellulase, protease, and urease
were determined in this study. Catalase activity was deter-
mined by back-titrating residual H2O2 with 0.02 M KMnO4

(Johnson and Temple 1964). The results were expressed as
milliliter (0.1 mol/L KMnO4) (h g)−1. Cellulase activity was
assayed using the method of Guan (1996), where 1% carboxy
methyl cellulose solution was used as a substrate for measur-
ing cellulase activity, which was expressed in terms of milli-
grams glucose per gram of dry soil in 72 h (Guan 1996). Soil
protease activity was determined using casein as the substrate
according to the method described byWu and Lin (2006), and
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the results were expressed as micrograms tyrosine per gram of
dry soil per hour. Urease activity was measured by the color-
imetric method using 10% urea (Guan 1986) and was
expressed as the amount of enzyme that produces 1 mg
NH4

+-N g−1 dry soil in 24 h at 37 °C.

2.7 Statistical analyses

Two-way analysis of variance (ANOVA) was performed
to analyze the effect of grazing, collection time, and their
interaction on the soil protozoan community and enzyme
activity. Multiple comparisons of groups among treat-
ments were performed using one-way ANOVA in SPSS
(version 16.0; SPSS Inc., Chicago, IL), and significant
differences in protozoan abundance, soil properties, en-
zyme activities, and soil microbial biomass were assessed
using Fisher’s Least Significant Difference (LSD) at
P < 0.05. The correlations among different parameters
were tested using the Pearson correlation coefficients.
The relationships between the soil protozoan community
and environmental factors were assessed for redundancy
analysis (RDA) with the package BVegan^ in R, and
Monte Carlo 999 permutation tests were used to examine
the significance of the environmental factors and ordina-
tion axes at P < 0.05. The soil protozoan abundance was
Hellinger-transformed to down-weight the influence of
rare protozoan group. The interrelationships among the
soil protozoan community composition, microbial activi-
ties, and soil factors were further investigated by Mantel
tests utilizing the Bmantel^ function in the BVegan^ pack-
age (Oksanen et al. 2015).

3 Results

3.1 Soil physicochemical properties

Compared with the AG treatment, soil moisture was ob-
served to be significantly lower in the treatments of WG,
GF, CG, and HG in 2012 and just be significantly lower
in the HG treatment in 2013 (Table 1). Overall, soil mois-
ture declined from 14.63 to 2.68% and from 8.67 to
4.67% with increasing grazing intensities in 2012 and
2013, respectively (Table 1). The HG resulted in higher
soil pH compared with those of the other four grazing
treatments in 2013, whereas this parameter was only sig-
nificantly higher in HG than AG in 2012. Soil OC and TN
contents in the HG were significantly lower than those in
the AG, WG, GF (except TN of 2012), and CG treat-
ments. The HG treatment also resulted in the lowest C/N
ratio in 2012 and 2013 (Table 1).

3.2 Soil enzyme activity and microbial biomass C and N

Grazing intensity had significant effects on soil enzyme
activities (P < 0.05), although there was no significant
effect of collection year on cellulase, in contrast to other
enzymes. Protease and urease activity showed higher ac-
tivity in the CG treatment, while the lower activity of
cellulose in 2012 and of catalase in 2012 and 2013 was
found in CG treatment (Table 2). Protease showed a sig-
nificantly decreasing activity in HG treatment. In contrast,
cellulase, catalase, and urease had higher activities in the
HG than those of treatments that received light grazing,
WG, with the exception of urease activity in 2013, which
was the lowest activity observed under heavy grazing
(Table 2).

So i l MBC and MBN ranged f rom 180 .65 to
268.59 mg C kg−1 and 14.66 to 80.4 mg N kg−1 in 2012
(Fig. 1a), and from 142.61 to 304.68 mg C kg−1 and 6.6 to
82.91 mg N kg−1 in 2013 (Fig. 1b), respectively. The MBC
was significantly affected by grazing, and MBN was sig-
nificantly affected by both grazing and sampling time
(P < 0.05, Table 3). For instance, in 2012, significantly
higher MBC was observed in WG and CG, followed by
those in GF and HG, and the lowest MBC detected in the
AG treatment (Fig. 1a). However, compared with AG, the
MBC were significantly (P < 0.05) increased by GF and
CG treatments, but no significant difference caused by
treatments of WG and HG in 2013 (Fig. 1b). The MBN
was significantly decreased with increasing grazing inten-
sity with the highest and the lowest MBN observed in the
AG and HG treatments, respectively, in 2012 (Fig. 1a).
This parameter, however, was only significantly decreased
by the HG treatment compared with AG treatment, where-
as no difference was found among the treatments of AG,
WG, GF, and CG (Fig. 1b).

3.3 Soil protozoan abundance and community
composition

The abundance of amoeba was significantly (P < 0.05)
influenced by grazing and those of flagellate and ciliate
were significantly (P < 0.05) affected by both grazing and
collection year (Table 3). There was a significantly inter-
active effect of grazing and collection year on the abun-
dance of amoeba (Table 3). The WG treatment had the
highest abundance of total protozoan and the HG treat-
ment significantly decreased this parameter compared
with other four treatments (Fig. 2). The abundance of
amoeba was higher in the CG treatment in 2012, but no
significant difference was observed in comparison with
those of other four treatments in 2013. The WG and HG
treatments had the highest and lowest flagellate abun-
dance, respectively, and no significant difference in
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flagellate abundance was observed among AG, WG, and
CG treatments in both 2012 and 2013. Compared with the
AG, significantly lower ciliate abundances were detected
in treatments of WG, GF, and HG in 2012 (Fig. 2a), and
lower in WG and HG in 2013 (Fig. 2b). No significant
difference in ciliate abundances was observed among

WG, GF, CG, and HG in 2012 (Fig. 2a) and among
WG, GF, and CG in 2013 (Fig. 2b).

Redundancy analysis indicated that the soil protozoan
community composition was distinctly different among
the five grazing treatments in 2012 (Fig. 3a). The AG,
WG, CG, and HG treatments were clearly separated from

Table 2 Soil enzyme activities under five grazing patterns in an alpine meadow in Damxung County, Tibetan Plateau

Treatments Protease
(μg tyrosine g−1 2 h−1)

Urease
(mg NH3-H g−1 24 h−1)

Cellulase
(mg g−1 glucose 72 h−1)

Catalase [mL
(0.1 mol L−1 KMnO4) (h g)

−1]

2012

AG 84.26 ± 3.57a 18.14 ± 0.28b 0.0665 ± 0.0040a 0.574 ± 0.097bc

WG 26.15 ± 1.40d 13.52 ± 1.34c 0.0457 ± 0.0078b 0.519 ± 0.011c

GF 31.42 ± 1.30c 19.04 ± 1.04b 0.0459 ± 0.0116b 0.636 ± 0.044b

CG 41.15 ± 3.06b 25.62 ± 2.87a 0.0184 ± 0.0011c 0.505 ± 0.023c

HG 16.68 ± 3.30e 24.12 ± 0.72a 0.0740 ± 0.0050a 0.921 ± 0.047a

2013

AG 57.75 ± 3.47B 38.82 ± 0.79B 0.0792 ± 0.0180A 1.003 ± 0.074A

WG 35.02 ± 9.08CD 29.20 ± 0.19D 0.0274 ± 0.0034B 0.672 ± 0.008B

GF 40.04 ± 10.98BC 34.80 ± 1.52C 0.0719 ± 0.0043A 0.762 ± 0.030B

CG 84.91 ± 14.68A 48.52 ± 3.50A 0.0566 ± 0.0005AB 0.772 ± 0.194B

HG 12.83 ± 0.33D 23.21 ± 1.56E 0.0468 ± 0.0378AB 0.797 ± 0.037B

Mean ± SD (n = 3). Multiple comparisons of groups among treatments were performed with LSD for each soil enzyme activity under different grazing
intensity within 2012 and 2013, respectively. Different letters within between grazing intensity indicates significantly different at the 0.05 level

AG artificial pasture without grazing,WG winter grazing (36 sheep and 60 yaks in winter), GF grazing with fence (36 sheep and 60 yaks in 7 months),
CG continuous grazing (36 sheep and 60 yaks in a year), HG natural heavy grazing (72 sheep and 120 yaks in a year)

Table 1 The soil properties of alpine meadow under five different grazing manners at an alpine meadow in Damxung County, Tibetan Plateau in 2012
and 2013

Treatments SM (%) pH OC (g kg−1) TN (g kg−1) C/N ratio

2012

AG 14.63 ± 1.87a 5.61 ± 0.32c 12.92 ± 0.06b 1.29 ± 0.06a 9.99 ± 0.45ab

WG 11.67 ± 0.58b 6.39 ± 0.28ab 13.40 ± 0.24a 1.22 ± 0.11b 11.06 ± 1.27a

GF 5.92 ± 0.13c 6.71 ± 0.16a 7.33 ± 0.58c 0.72 ± 0.07c 10.19 ± 0.25ab

CG 10.98 ± 1.23b 6.03 ± 0.04bc 13.68 ± 0.03a 1.35 ± 0.02a 10.13 ± 0.14ab

HG 2.68 ± 1.14d 6.41 ± 0.09ab 6.33 ± 0.04d 0.66 ± 0.01c 9.56 ± 0.03b

2013

AG 8.67 ± 1.15A 6.29 ± 0.01B 12.24 ± 0.38B 1.18 ± 0.02B 10.40 ± 0.18AB

WG 8.65 ± 1.11A 5.62 ± 0.16D 13.70 ± 1.16A 1.32 ± 0.12AB 10.42 ± 1.27A

GF 6.00 ± 2.00AB 6.32 ± 0.08B 14.63 ± 0.60A 1.37 ± 0.03A 10.67 ± 0.47A

CG 8.63 ± 1.12A 5.83 ± 0.03C 12.22 ± 0.32B 1.38 ± 0.17A 8.93 ± 1.00BC

HG 4.67 ± 1.15B 6.59 ± 0.10A 3.63 ± 0.07C 0.47 ± 0.04C 7.78 ± 0.69C

Mean ± SD (n = 3). Multiple comparisons of groups among treatments were performed with LSD for each soil property under different grazing intensity
within 2012 and 2013, respectively. Different letters within between grazing intensity indicates significantly different at the 0.05 level

SM soil moisture,OC organic carbon, TN total nitrogen,C/NOC/TN, AG artificial pasture without grazing,WGwinter grazing (36 sheep and 60 yaks in
winter),GF grazing with fence (36 sheep and 60 yaks in 7 months), CG continuous grazing (36 sheep and 60 yaks in a year),HG natural heavy grazing
(72 sheep and 120 yaks in a year)
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each other along the RDA 1 axis, which accounted for
80.52% of the variation in the soil protozoan community
in 2012, whereas only the HG treatment was relatively

significantly separated from other treatments along RDA
1 (49.33%) reflecting the variation in the soil protozoan
community in 2013 (Fig. 3b). Moreover, the soil
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Fig. 2 Effects of grazing intensities on soil protozoa in an alpinemeadow
in Damxung County, Tibet in 2012 (a) and 2013 (b) (means ± S.D.,
n = 3). Multiple comparisons of groups among treatments were
performed with LSD for each soil protozoan group under different
grazing intensity within 2012 and 2013, respectively. Different letters
within each grazing intensity indicate significant differences at the 0.05
level. AG artificial pasture without grazing,WGwinter grazing (36 sheep
and 60 yaks in winter), GF grazing with fence (36 sheep and 60 yaks in
7 months), CG continuous grazing (36 sheep and 60 yaks in a year), HG
natural heavy grazing (72 sheep and 120 yaks in a year)
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Fig. 1 Effects of grazing intensities on soil microbial biomass carbon and
nitrogen in an alpine meadow in Damxung County, Tibet in 2012 (a) and
2013 (b) (means ± SD, n = 3). Multiple comparisons of groups among
treatments were performed with LSD for soil microbial biomass under
different grazing intensities within 2012 and 2013, respectively. Different
letters within each grazing intensity indicate significant differences at the
0.05 level. AG artificial pasture without grazing, WG winter grazing (36
sheep and 60 yaks in winter), GF grazing with fence (36 sheep and 60
yaks in 7 months), CG continuous grazing (36 sheep and 60 yaks in a
year), HG natural heavy grazing (72 sheep and 120 yaks in a year)

Table 3 Summary of two-way ANOVA results (F values) indicating the effects of the grazing and collection year on soil physicochemical property,
microbial biomass, protozoa, and enzyme activities

Effect DF SM pH OC TN MBC MBN Amoeba Flagllate Ciliate Protease Urease Catalase Celluase

G 4 54.0** 19.6* 310** 116** 10.9** 155** 15.9** 4.79* 3.74** 70.3** 49.0** 11.7** 7.41**

Y 1 18.0** 0.324 9.06** 13.6** 0.0100 122** 0.0230 7.69* 21.1** 6.12* 368** 36.5** 1.42

G × Y 4 9.86** 9.54** 97.6** 36.4** 6.83** 47.9* 21.5** 0.462 2.35 20.8** 37.2** 10.4** 5.75**

MBC soil microbial biomass C,MBN soil microbial biomass N, SM soil moisture,OC organic carbon, TN total nitrogen,G grazing, Y year, *P < 0.05 and
**P < 0.01
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protozoan community was found to be significantly af-
fected by MBN (P = 0.001), SM (P = 0.003), pH
(P = 0.012), OC (P = 0.012), and TN (P = 0.048) in
2012 (Fig. 3a) and by MBN (P = 0.014) and MBC
(P = 0.022) in 2013 (Fig. 3b).

3.4 Relationships among soil protozoa, microbes, and soil
properties

Mantel tests indicated that significant relationships were ob-
served between protozoan community and microbial activity

(microbial biomass and enzyme activity) (r = 0.175,
P = 0.025) and soil factors (r = 0.528, P = 0.001), as well as
between microbial activity and soil factors (r = 0.252,
P = 0.002), which were consistent with the results of RDA
and correlation analyses (Table 4). Amoeba had a significant
relationship with soil pH, OC, and TN (P < 0.05); flagellate
was significantly associated with SM, OC, TN, and MBN
(P < 0.05); and ciliate was significantly related to SM and
pH (P < 0.05) (Table 4). Soil protease activity was positively
correlated with SM, OC, TN, and MBN, but negatively cor-
related with soil pH (Table 4). Soil urease significantly asso-
ciated with soil TN and MBN, whereas cellulase was signifi-
cantly negatively correlated with only SM (Table 4).
Furthermore, the MBC was found to significantly positively
relate with OC and TN; and MBN significantly positively
correlated with SM, OC, and TN, but negatively correlated
with pH (Table 4).

4 Discussion

4.1 Effects of grazing intensity on the soil protozoan
community

Soil protozoa generally have a special distribution and com-
munity composition based on the type of terrestrial ecosystem
in which they occur (Foissner 1999; Esteban et al. 2006; Bates
et al. 2013). Our results demonstrated that the soil protozoan
community in alpine meadow on the Tibetan Plateau was
primarily composed of three broad taxonomic groups: amoe-
bas, flagellates, and ciliates. Amoeba and flagellate groups
were dominant components and accounted for 89–95% of
the total abundance of protozoa, while ciliates had the smallest
population in the research area. Similar results have been re-
ported on the semiarid steppe in InnerMongolia and the alpine
grassland in Qinghai Province (Ning and Shen 1998; Li et al.
2005; Qi et al. 2011). Consistent with previous findings, the
abundance of soil protozoa was correlated with protozoan
taxonomy, which determined protozoan distribution in the soil
of the alpine meadow ecosystem on the Tibetan Plateau (Ning
and Shen 1998; Foissner 1999; Esteban et al. 2006).

Soil protozoa representing important soil components have
been proposed to be sensitive indicators for human perturba-
tions (Ekelund and Ronn 1994; Foissner 1999; Nguyen-Viet
et al. 2007; Maharning et al. 2009; Papadimitriou et al. 2013).
Long-term grazing may influence soil ecosystem processes
through altering the structure of the soil protozoan communi-
ty. In this study, soil protozoan abundance had a tendency to
decline with increasing grazing intensity in the alpinemeadow
ecosystem, which supported our hypothesis that soil protozo-
an community was negatively affected by heavy grazing.
Similarly, high livestock stocking caused a significant de-
crease in protozoan abundance in a semiarid steppe of Inner

1

2

1

2
(a)

(b)

Fig. 3 Ordination diagram of redundancy analysis (RDA) showing rela-
tionships between physiochemical parameters, microbial activities, and
abundance of soil protozoa in an alpine meadow of the Tibetan Plateau in
(a) 2012 and (b) 2013. AG artificial pasture without grazing, WG winter
grazing (36 sheep and 60 yaks in winter), GF grazing with fence (36
sheep and 60 yaks in 7 months), CG continuous grazing (36 sheep and
60 yaks in a year),HG natural heavy grazing (72 sheep and 120 yaks in a
year),MBC soil microbial biomass C,MBN soil microbial biomass N, SM
soil moisture, OC organic carbon, TN total nitrogen. *P < 0.05 and
**P < 0.01
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Mongolia (Li et al. 2005; Qi et al. 2011). Particularly, the three
taxonomic groups of amoebas, flagellates, and ciliates showed
similar dynamics in response to grazing, indicating that soil
protozoa declined under high grazing stress. Previous studies
also showed that grazing could result in a decrease in soil
protozoan abundance owing to soil compaction (Holt 1997).
However, Li et al. (2005) reported that flagellate was more
abundant under heavy grazing because their body size was
suitable for small pores in the Inner Mongolia grassland, but
this could also be caused by higher soil moisture in the heavy
grazing intensity. In our study, protozoan abundance varied
among different grazing intensities, and soil moisture signifi-
cantly influenced the abundance of flagellate (P < 0.05) and
ciliate (P < 0.001) protozoa.

Redundancy analysis demonstrated that the soil protozoan
community was significantly correlated with grazing intensity
and soil properties, such as SM, pH, OC, and TN. These soil
properties could affect the response of the soil protozoan com-
munity to grazing, which supported the previous findings in
grassland ecosystem (Li et al. 2005, Qi et al. 2011). Soil pro-
tozoa have been reported to be largely modulated by soil com-
paction and water content (Holt 1997), due to water content as
the crucial constraint for protozoan life history in terrestrial
ecosystems (Ekelund and Ronn 1994; Ning and Shen 1998;
Foissner 1999; Esteban et al. 2006; Warner et al. 2007). Soil
pH is another important environmental factor to affect proto-
zoan cell osmotic pressure and was increased under heavy
grazing intensity possibly due to increasing urea input in live-
stock waste. In this study, we found that soil amoeba and
ciliate were negatively associated with soil pH, supporting
the similar results observed between testate amoebas and soil
pH by Lamentowicz et al. (2013). Moreover, soil amoeba and
flagellate were observed to be positively correlated with OC
and TN, which indicated that soil protozoa play a crucial eco-
logical function in stimulating soil carbon and nitrogen cy-
cling and could improve the turnover of soil organic matter
in terrestrial ecosystem by preying on rhizosphere bacteria and

increasing aboveground plant productivity (Foissner 1999;
Esteban et al. 2006).

Soil microbes could have a bottom-up effect on the soil
protozoan community in terrestrial ecosystems because bacte-
ria and fungi are major nutrient sources for most of the soil
protozoa in the Bmicrobial loop^, and protozoan abundance
could be enhanced with increasing microbial activity (Muller
et al. 2013; Zhao and Xu 2013). In this study, we found a
significantly positive relationship between the soil protozoan
community and microbial characteristics. In particular, soil
protozoa exhibited a certain dependence on MBN and MBC,
which could regulate the soil protozoan community in combi-
nation with soil abiotic property. Moreover, correlation anal-
ysis between soil protozoa and environmental parameters also
indicated that soil protozoa responded significantly to grazing
intensity, possibly due to drastic variation in soil properties
and microbial activity caused by livestock herding. Similar
results have been reported by other researchers, suggesting
that soil abiotic and biotic properties play a crucial role in
the composition of the soil protozoan community in grassland
ecosystems (Bardgett et al. 1998; Qi et al. 2011). Therefore,
grazing could change soil properties and decrease soil micro-
bial activity as a result of livestock trampling, feces extraction,
and variation in plant cover in this low-productivity region on
the Tibetan Plateau (Wang et al. 2006; Ramos et al. 2011;
Kuijper and Bakker 2012). Altogether, the community struc-
ture of soil protozoa would be directly affected by soil attri-
butes and indirectly by microbial variation resulting from
grazing in the alpine meadow.

4.2 Effects of grazing on soil microbial biomass and soil
enzyme activity

Both soil MBC and MBN were significantly reduced with
increasing grazing pressure in the current study, and signifi-
cantly positive correlations were observed between soil mi-
crobial biomass (MBC, MBN) and organic matter (OC and

Table 4 Correlation coefficients
(r) between soil protozoan
abundance, microbial biomass,
enzyme activities, and soil
physicochemical property of
alpine meadow in Damxung
County, Tibetan Plateau

Protozoa SM pH OC TN MBC MBN

Amoeba 0.244 −0.423* 0.422* 0.458* 0.148 0.034

Flagellate 0.466* −0.315 0.799** 0.774** 0.266 0.714**

Ciliate 0.469** −0.417* 0.219 0.199 0.001 0.016

Protease 0.604** −0.681** 0.513** 0.605** 0.134 0.701**

Urease −0.173 −0.261 0.251 0.381* 0.274 0.404*

Catalase −0.218 0.173 −0.082 −0.075 −0.126 0.154

Cellulase −0.551** 0.191 −0.347 −0.357 −0.127 −0.127
MBC 0.052 −0.138 0.534* 0.589* – 0.159

MBN 0.528** −0.633** 0.917** 0.922** 0.159 –

MBC soil microbial biomass C, MBN soil microbial biomass N, SM soil moisture, OC organic carbon, TN total
nitrogen. *P < 0.05 and **P < 0.01
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TN) (Table 4). Consistently, previous researches showed that
heavy grazing could cause a dramatic decrease in soil micro-
bial biomass due to lower plant litter input and reduction of
OC and TN (Holt 1997; Li et al. 2005; Wang 2006; Qi et al.
2011; Fu et al. 2012). Therefore, lower soil MBC and MBN
detected in the heavy grazing treatments, compared with the
lighter grazing treatments (e.g., AG, WG, GF, and CG), prob-
ably resulting from decreased OC and TN negatively affected
certain microbial groups and thus decreased soil microbial
biomass.

In the current study, soil enzyme activities showed different
responses to grazing patterns depending on enzyme type. The
activities of protease declined with increasing grazing intensi-
ty, which may be in relation to the changes in soil C and N
conditions. This concurs with results documented by other
researchers (Holt et al. 1997; Esch et al. 2013; Olivera et al.
2014). Particularly, Olivera et al. (2014) suggested that graz-
ing could lead to declining protease activity if MBN and TN
declined as a source and substrate for soil enzymes. Soil mois-
ture and OC also contributed to variation in soil protease ac-
tivity, possibly due to low humidity and nutrient input (Karaca
et al. 2011; Burns et al. 2013; Olivera et al. 2014). However,
cellulase and catalase showed higher activity in the HG treat-
ment compared with those of the other treatments, probably
due to increasing C and N mineralization for microbes when
given sufficient available substrate as reported previously (Xu
et al. 2007; Prieto et al. 2011; Wu et al. 2012b; Esch et al.
2013). In our study, increased herbivore feces inputs under the
HG treatment could have effectively offset the negative effect
of MBC and OC decline and improved cellulase and catalase
activity. Urease activity involved in soil N cycling had differ-
ent variations under grazing between two collection years,
possibly due to different soil TN trend. In addition, significant
correlations between protease and soil factors indicated that
soil protease responded more sensitively to environmental
variation inducing by grazing than the other three enzymes.

5 Conclusions

In conclusion, our results indicated that soil protozoa showed
a negative response to increasing grazing intensities in alpine
meadow on the Tibetan Plateau. Heavy grazing pressure re-
sulted in significant negative effect on soil physicochemical
properties (SM, OC, and TN) and soil microbial characteris-
tics (MBN, MBC, and protease activity), which potentially
influenced the soil protozoan community composition. The
winter grazing at moderate intensity was proposed to be an
appropriate grazing strategy for sustaining soil biological
properties in this alpine meadow due to little disturbance to
the alpine meadow ecosystem. However, given that this study
was conducted only in August (the rainy season), even though
for two continuous years, further studies on seasonal

dynamics of soil protozoa, microbial biomass, and activities
are required to fully assess the consequences of grazing inten-
sity on belowground biotic variables.
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