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Abstract
Grazing and topography have drastic effects on plant communities and soil properties. These effects are thought to influence
arbuscular mycorrhizal (AM) fungi. However, the simultaneous impacts of grazing pressure (sheep ha−1) and topography on
plant and soil factors and their relationship to the production of extra-radical AM hyphae are not well understood. Our 10-year
study assessed relationships between grazing, plant species richness, aboveground plant productivity, soil nutrients, edaphic
properties, and AM hyphal length density (HLD) in different topographic areas (flat or sloped). We found HLD linearly declined
with increasing grazing pressure (1.5–9.0 sheep ha−1) in sloped areas, but HLD was greatest at moderate grazing pressure (4.5
sheep ha−1) in flat areas. Structural equation modeling indicates grazing reduces HLD by altering soil nutrient dynamics in sloped
areas, but non-linearly influences HLD through plant community and edaphic changes in flat areas. Our findings highlight how
topography influences key plant and soil factors, thus regulating the effects of grazing pressure on extra-radical hyphal produc-
tion of AM fungi in grasslands. Understanding how grazing and topography influence AM fungi in semi-arid grasslands is vital,
as globally, severe human population pressure and increasing demand for food aggravate the grazing intensity in grasslands.

Keywords Grazing pressure . Hyphal length density . Sheep . Edaphic properties . Structural equationmodeling

Introduction

Globally, grazing occurs on more than 25% of the terrestrial
surface and is a substantial driver of ecosystem degradation
and soil carbon loss (Asner et al. 2004; Conant et al. 2017).
Grazing leads to significant alterations in plant communities
as well as carbon (C) and nitrogen (N) cycling (Milchunas and
Lauenroth 1993; Hoffmann et al. 2016; Zhou et al. 2017).
Overgrazing threatens biodiversity and ecosystem
multifunctionality with consequences to plant productivity,
community stability, and soil C and N storage (Milchunas
and Lauenroth 1993; Hoffmann et al. 2016; Zhou et al.
2017). Moderate grazing is known to increase plant diversity
and community productivity (Milchunas et al. 1988;
Cingolani et al. 2005; Li et al. 2017). The effects of grazing
intensity on soil microbes, however, are less well understood
(Murray et al. 2010; Chen et al. 2013). Understanding and
predicting grazing effects in semi-arid grasslands are even
more critical as grasslands are suffering from overgrazing at
the global scale.

Arbuscular mycorrhizal (AM) fungi are soil microorgan-
isms that colonize approximately 80% of terrestrial plants and
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are of significant importance in semi-arid grassland ecosys-
tems (Smith and Read 2008; Brundrett 2009). Mycorrhizal
fungi typically form mutualistic associations, promoting
host-plant performance by increasing nutrient uptake and re-
sistance to stress, in return for plant-produced carbon com-
pounds (Smith and Read 2008; Jiang et al. 2017;
Luginbuehl et al. 2017). These fungi also produce abundant
extra-radical hyphae, radiating from plant roots into soil, con-
tributing 20–30% of soil microbial biomass and ~ 15% of soil
organic C (Leake et al. 2004). These extra-radical hyphae play
an important role in plant-plant interactions, C and N cycling,
formation of glomalin-related soil protein, and stabilization of
soil aggregates (Wilson et al. 2009; Rillig et al. 2010; Horton
2015; Kohler et al. 2017; Lin et al. 2017).

Most studies of AMF in the context of grazing have fo-
cused on AM fungi colonization not extra-radical hyphae in
the soil (Wearn and Gange 2007; Barto and Rillig 2010;
Tawaraya et al. 2012). Mycorrhizal fungi obtain carbon com-
pounds from host-plants, ranging between 10 and 20% of
plant photosynthates, forming intra-radical hyphae in host
plant roots and extra-radical hyphae in the soil (Simard et al.
2003; Smith and Read 2008; Wang et al. 2017). The carbon-
limitation hypothesis predicts long-term grazing and/or clip-
ping reduces C allocation to roots and root exudates, leading
to decreased abundance of AM fungi and other soil organisms
(Van der Heyde et al. 2017). A meta-analysis of 33 publica-
tions showed herbivory can reduce percent root colonization
by AM fungi (Barto and Rillig 2010). Other studies suggest
the percentage of roots colonized by AM fungi can be in-
creased by herbivory (Eom et al. 2001; Wearn and Gange
2007; Nishida et al. 2009; Tawaraya et al. 2012). However,
percent root colonization by AM fungi is a relative measure
and may not reflect changes in carbon allocation by the plant.
Extra-radical hyphal length density (HLD) may be the most
accurate predictor of plant-produced carbon compounds flux
to AM fungi, because extra-radical hyphae are the largest
component of total AM fungi biomass (Smith and Read
2008; Grman 2012). Grazing has been shown to increase C
allocation to roots in the short term but decrease allocation
over long-term herbivory and/or clipping (Bardgett et al.
1998; Barto and Rillig 2010), indicating plant-produced car-
bon compound flux is related to herbivory intensity and dura-
tion. Therefore, we assessed the influence of grazing on HLD
in a long-term field study, conducted in the semi-arid grass-
lands of Inner Mongolia.

Previous studies focused on the direct effect of grazing on
soil microbes (Barto and Rillig 2010; Murray et al. 2010;
Soliveres et al. 2016). Understanding of the mechanisms by
which grazing directly and indirectly mediate AM fungi is
essential for interpreting plant-soil interactions in grazed
grasslands. Moreover, grazing not only directly affect plant
growth and C allocation but also soil fertility (e.g., soil organic
carbon, plant-available nitrogen, and phosphorus) and edaphic

properties (e.g., soil moisture, bulk density, and soil pH)
(Bardgett et al. 1998; Mikola et al. 2009; Sorensen et al.
2009; Liu et al. 2015). Grazing can increase nutrient availabil-
ity as a result of dung and urine deposition (Antoninka et al.
2015; Liu et al. 2015). Plant-available phosphorus (P) addi-
tions can decrease HLD, while additional plant-available N
can increase HLD (Liu et al. 2012; Johnson et al. 2015), indi-
cating herbivore grazing could indirectly impact HLD through
changes in soil nutrient availability. While Chen et al. (2013)
found soil nematodes were influenced by grazing pressure via
pathways of the plant community, soil nutrients, and edaphic
properties, few studies have considered direct and indirect
grazing influences on HLD of AM fungi.

Topography mediates grazing effects on plant community
composition, structure, and soil properties through soil ero-
sion and differential dung and urine accumulation (Murray
et al. 2010; Kölbl et al. 2011; Collins and Calabrese 2012;
Li et al. 2017; Liu et al. 2017). Previous research indicates
plant community structure shifts and productivity reductions
occur at sheep densities ≥ 3.75 sheep ha−1 in grassland areas
with no slope (hereafter, flat areas) but occur at lower sheep
densities (≥ 3.0 ha−1) in grassland areas with ~ 10° slope
(hereafter, sloped areas) (Li et al. 2015, 2017). When plant
communities are altered, extra-radical AM hyphae and soil
C storage can be altered as well (Liu et al. 2012; Sochorova
et al. 2016). In addition, plant communities and nutrient avail-
ability interacted with grazing to influence AM fungi compo-
sition across a topographical gradient (Murray et al. 2010; Liu
et al. 2017). These findings indicate topography may interact
with grazing to influence HLD via several pathways.

We investigated plant and soil responses to a gradient of
grazing pressure (seven sheep densities) in flat and sloped
grassland areas in a long-term (10 year) experiment.
Previous studies conducted at the site found grazing pressure
strongly influenced soil nutrients and edaphic properties,
resulting in different plant community vegetation dynamics
between sloped and flat areas (Kölbl et al. 2011; Hoffmann
et al. 2016; Li et al. 2017). Our study tests the following
hypotheses: (1) high grazing pressure will decrease HLD in-
directly through alterations in aboveground plant productivity,
plant richness, soil nutrients, and edaphic properties; (2) dif-
ferences in soil nutrients and edaphic properties between
sloped and flat grassland areas will cause grazing influences
on HLD to differ.

Materials and methods

Experimental site

Our experiment was conducted at the Inner Mongolia
Grassland Research Station (IMGERS, 43° 38′ N, 116° 42′
E, altitude 1200 m a.s.l.) of the Chinese Academy of Sciences
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(Bai et al. 2004). This semi-arid grassland is characterized by
mean annual precipitation of 346.1 mm falling mainly in the
growing season (May to September) and mean annual tem-
perature of 0.3 °C (− 21.6 °C in January, 19.0 °C in July). The
soil is classified as a Calcic Chernozem (IUSSWorkingGroup
WRB 2006). Leymus chinensis (Trin.) Tzvelev and Stipa
grandis P.A.Smirn are two dominant C3 grasses in this area,
together accounting for 75% of total aboveground biomass (Li
et al. 2017). Our study was conducted in sloped and flat areas
(topographic factor), with elevation ranging from 1200 to
1280 m a.s.l. and slopes of ~ 10° inclination (Hoffmann
et al. 2008).

Grazing experimental design

A 160-ha grazing experiment located at the Sino-German graz-
ing experiment site, was established in 2005 andmaintained for
11 years. Our study is a landscape-scale experiment; therefore,
to reduce inherent spatial heterogeneity in plant community
composition, soil properties, and management expenses, repli-
cated blocks for each grazing intensity were not utilized (Li
et al. 2017). The plots were ~ 2 ha or ~ 4 ha (plot size enlarged
to 4 ha when sheep density = 1.5 sheep ha−1 to ensure six sheep
per plot). Plots were randomly assigned one of seven grazing
pressures (GP) (GP = 0, 1.5, 3.0, 4.5, 6.0, 7.5, or 9.0 sheep ha−1)
replicated twice per topographical factor (flat or sloped) for 28
total plots. From the beginning of June to mid-September, non-
lactating female sheep with an average live weight of 35 kg
were used for grazing. Experimental design was presented in
detail in previous studies (Hoffmann et al. 2008; Kölbl et al.
2011; Hoffmann et al. 2016).

Plant and soil sampling

Three exclosure cages (2 × 3 m) were set up prior to grazing
and moved monthly to estimate aboveground plant biomass
inside (i) and outside (o) the cages in grazed plots. Each
exclosure cage was sampled three times and averaged as one
replicate. We calculated annual aboveground net primary pro-
ductivity (ANPP) in grazed plots with the formula:
ANPP = W1o + (W2i − W1o) + (W3i − W2o) +
(W4i − W3o). Where Wi represents standing plant biomass
at the start of each month (1 = June, 2 = July, 3 = August, and
4 = September). Plant species richness near each exclosure
cage were assessed using nine 1 × 1m quadrats. Peak standing
biomass of plant communities was used to estimate ANPP in
non-grazed plots. Soil nutrients and edaphic properties were
measured in late August 2015, 10 years after initiation of the
experiment. Three 50-m transects were randomly set in each
plot, and we collected soil samples at three locations along
each transect. At each location, five soil cores (diameter
3 cm, depth 10 cm) were taken within a 1-m2 area and ho-
mogenized. Nine soil samples were collected in each of the 28

grazing areas and sieved through 2 mmmesh to remove roots.
Soil samples were separated into two parts: one part main-
tained fresh for plant-available N analysis; the other air-dried
to assess extra-radical AM hyphae, plant-available P, soil or-
ganic C, and soil pH. In addition, nine soil samples (0–10 cm
depth) were collected in each of the 28 grazing areas to assess
soil moisture and bulk density using a soil bulk density auger
(100 cm3 volume), then oven-dried at 105 °C for 48 h, and
weighed to determine soil bulk density.

Soil measurement

Extra-radical AM hyphae were extracted using the membrane
filter technique (Jakobsen et al. 1992). Briefly, 5 g of soil was
blended in 250 ml deionized water. Hyphae in 5-ml suspen-
sion were collected on a 25-mmmembrane filter (1.2 μm pore
size) and stained with Trypan Blue. Aseptate hyphae with
characteristic unilateral angular projections and thick yellow-
ish cell walls are distinguishing features of AM extra-radical
hyphae. Extra-radical HLDwas measured under a microscope
at ×200 magnification using the gridline intercept method.
The HLD of each soil sample was determined for six replicate
membranes and averaged.

Plant-available P was measured using the Olsen method
(Carter and Gregorich 2008). Soil organic C was analyzed
by the dry combustion method after inorganic C was removed
with 1 M HCl prior to SOC determination (Multi N/C 2100,
Analytik Jena, Germany). Plant-available N was also mea-
sured by Multi N/C 2100 after extraction with 50 ml of 2 M
K2SO4 from 10 g fresh field soil. A 20-g subsample of field
soil was oven-dried at 105 °C for 24 h to measure soil mois-
ture content. A 10-g subsample of field soil was mixed with
25 ml of 1 M KCl solution to measure pH using a pH meter
(PB-10, Sartorius, Germany). All results were presented on a
dry weight basis.

Statistical analysis

To assess grazing effects on all related variables, linear and
quadratic regression analyses with sheep densities (0, 1.5, 3.0,
4.5, 6.0, 7.5, or 9.0 sheep ha−1) in flat and sloped areas were
performed and least squares methods with adjusted R2 and
lowest corrected Akaike information criterion (AIC) were
used to perform curve fitting. By goodness-of-fit tests for dif-
ferent regression models, quadratic regressions with best ad-
justed R2 were selected for addressing grazing-HLD relation-
ships in the flat and sloped grasslands. The quadratic regres-
sion analyses of all related variables along with grazing inten-
sities were all tested versus goodness of fit of linear models
with higher adjusted R2. The level of significance was
P < 0.05. All data were log-transformed prior to analysis to
ensure normality and homogeneity.
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Structural equation modeling

Structural equation modeling (SEM) was used to analyze
potential pathways that estimate grazing effects and the
strength of direct and indirect relationships between plant
community parameters, soil nutrients, and edaphic properties
on extra-radical AM hyphae in flat or sloped areas
(Eisenhauer et al. 2015). SEM allows testing of complex
causality between multiple variables by predicting expected
statistical relationships from hypothesized causality (Grace
2006; Veen et al. 2010). Prior to the SEM procedure, all
bivariate relationships between plant community parameters,
soil nutrients, edaphic properties, and extra-radical AM hy-
phae were analyzed with simple linear regressions and select-
ed by statistically significance (p < 0.05) to ensure linear
models were appropriate.

Plant community parameters (richness, ANPP), soil nutri-
ents (organic C, available N, available P), and edaphic prop-
erties (soil moisture and soil bulk density) also were reduced
separately through principal component analysis (PCA)
(Grace 2006; Veen et al. 2010). The first principal compo-
nent (PC1) in each group was used for the subsequent SEM
analysis. PCA results showed, in sloped areas, PC1 explains
73, 65, and 91% of the total variance of plant community
parameters, soil nutrients, and edaphic properties, respective-
ly, while in flat areas, PC1 explains 81, 67, and 98% of the
total variance of plant community parameters, soil nutrients,
and edaphic properties, respectively (see Table S1). In the
SEM analyses, grazing pressure and topography were as-
sumed to affect extra-radical AM hyphae, both directly and
indirectly by influencing plant community parameters, soil
nutrients, and edaphic properties. The chi-square test and its
associated p value were used to adjust the model (good fit
when 0 ≤ χ2 ≤ 2 and 0.05 < p ≤ 1.00). Root mean square
error of approximation (RMSEA: good fit when
0 ≤ RMSEA ≤ 0.05 and 0.10 < p ≤ 1.00) and AIC (lower
AIC indicating a better fit) were used to evaluate the fit of
the model. SEM analyses and related statistical analyses
were conducted using SAS version 9.1 (SAS Institute Inc.,
Cary, NC, USA).

Results

HLD, plant, and soil responses to grazing pressure

Mycorrhizal HLDwas significantly negatively correlatedwith
grazing pressure (1.5–9.0 sheep ha−1) in sloped areas
(Fig. 1a). However, HLD peaked at moderate grazing pressure
(4.5 sheep ha−1) in flat areas (Fig. 1b). Soil nutrient edaphic
properties and plant community parameters significantly
responded to grazing pressure, both in flat and sloped plots
(Figs. 2 and 3). High grazing pressure reduced ANPP (Figs. 2a
and 3a) and plant richness (Figs. 2b and 3b) in both flat and
sloped plots.

High grazing pressure also directly altered soil nutrients by
decreasing soil organic C (Figs. 2c and 3c) and plant-available
N (Figs. 2d and 3d) in both areas, while increasing plant-
available P in sloped areas but decreasing plant-available P
in flat areas (Figs. 2e and 3e). The relationships between C, N,
and P stoichiometry, and grazing pressure indicated N-
limitation in sloped areas and P-limitation in flat areas
(Fig. S1). High grazing pressure also affected edaphic proper-
ties by decreasing soil moisture (Figs. 2f and 3f) and increas-
ing soil bulk density (Figs. 2g and 3g) in both flat and sloped
areas. Soil pH was negatively related with grazing pressure in
sloped areas (Fig. 2h) but was not related in flat areas (Fig. 3h).

The relationships between plant community
parameters, soil properties, and HLD

In sloped areas, HLD showed no significant correlation with
ANPP (Fig. 4a) but was positively related to species richness
(Fig. 4b). HLD was positively correlated with soil organic C
(Fig. 4c) and plant-available N (Fig. 4d) but negatively related
to plant-available P (Fig. 4e) in sloped but not flat areas
(Fig. 5c–e). The relationship between C, N, and P stoichiom-
etry and HLD confirmed that a different nutrient limitation (P-
limited or N-limited) drove HLD in flat compared with sloped
areas (Fig. S2). Mycorrhizal HLD also was positively related
to soil moisture (Fig. 4f) and soil pH (Fig. 4h) but negatively
related to soil bulk density (Fig. 4g) in sloped areas. HLD had

Fig. 1 Relationships between grazing pressure (sheep ha−1) and hyphal
length density (HLD) in sloped (a) or flat (b) areas. Regressions were
estimated using a linear or quadratic model with grazing pressure as a

continuous predictor. Statistics (R2 and p values) for the regressions are
indicated; dotted lines represent the 95% confidence intervals
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Fig. 3 Relationships between grazing pressure (sheep ha−1) and
aboveground net primary productivity (ANPP) (a), plant species richness
(b), soil nutrients (c–e), and edaphic properties (f–h) in flat areas.
Regressions were estimated using a linear or quadratic model with

grazing pressure as a continuous predictor. Statistics (R2 and p values)
for the regressions are indicated; dotted lines represent the 95% confi-
dence intervals

Fig. 2 Relationships between grazing pressure (sheep ha−1) and
aboveground net primary productivity (ANPP) (a), plant species richness
(b), soil nutrients (c–e), and soil edaphic properties (f–h) in sloped areas.
Regressions were estimated using a linear or quadratic model with

grazing pressure as a continuous predictor. Statistics (R2 and p values)
for the regressions are indicated; dotted lines represent the 95% confi-
dence intervals
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remarkably different relationships with plant and soil vari-
ables, however, in flat versus sloped areas. For example,
HLD was positively related to ANPP (Fig. 5a) and showed
no significant correlation with species richness in flat areas
(Fig. 5b) and was negatively correlated with plant-available
N (Fig. 5d) and soil moisture (Fig. 5f), with no significant
correlations versus soil organic C, plant-available P, soil pH,
or soil bulk density in flat areas (Fig. 5c, e, g, and h).

Pathways determining HLD

Two SEMs reveal grazing altered HLD via different pathways
in sloped versus flat areas, according to significant standard-
ized path coefficients (Fig. 6a, b). In sloped areas, soil nutri-
ents were the main pathway determining HLD. Grazing pres-
sure was a direct negative pathway to HLD, suggesting other

factors than soil nutrients alone might explain variation in
sloped areas. In flat areas, however, edaphic properties and
plant community parameters were the two crucial factors af-
fecting HLD, and while soil nutrients interacted with edaphic
properties, soil nutrients had no significant pathway to HLD.

Discussion

A recent study suggested slope aspect influenced AM fungus
communities (Liu et al. 2017). The present study shows to-
pography mediated the effect of grazing pressure on the extra-
radical hyphae of AM fungi. There was a negative linear re-
lationship between grazing pressure and HLD in sloped grass-
land areas. An optimum of 4.5 sheep ha−1 was discovered in
flat areas, however, both below and above whichwemeasured

Fig. 4 Relationships between hyphal length density (HLD) and above-
ground net primary productivity (ANPP) (a), plant species richness (b),
soil nutrients (c–e), and edaphic properties (f–h) in sloped areas.
Regressions were estimated using a linear or quadratic model with

grazing pressure as a continuous predictor. Statistics (R2 and p values)
for the regressions are indicated; dotted lines represent the 95% confi-
dence intervals
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fewer extra-radical AM hyphae. In grazed areas, changes in
extra-radical hyphae were closely related to ANPP, plant spe-
cies richness, soil nutrients, and edaphic properties. SEM anal-
ysis supports our prediction that grazing pressure effects on
HLD differ in flat compared with sloped areas, and this is
driven by differences in soil nutrients and edaphic properties
of these grassland areas.

High grazing pressure should lead to reduced AM fungal
abundance, according to the carbon-limitation hypothesis
(Gehring and Whitham 2003). Hartnett and Wilson (2002)
suggest that moderate levels of grazing may result in increased
AM fungal abundance, however, which concurs with our find-
ings that extra-radical hyphae increased when fewer than 4.5
sheep ha−1 grazed, but decreased with higher grazing pressure
in flat areas (Fig. 1b). Barto and Rillig’s (2010) meta-analysis
reported grazing can reduce intra-radical AM fungal

abundance, but challenged the carbon-limitation hypothesis
by concluding reductions were not biologically relevant in
most systems. Our results suggest several factors may moder-
ate the effects of grazing on AM fungal abundance.

Previously reported findings may differ because of differ-
ing ratios of intra-radical and extra-radical hyphae produced
by different AM taxa (Miller et al. 1995; Hart and Reader
2002). A recent study suggested grazing decreased HLD,
but increased spore density and did not alter root colonization,
indicating that plant herbivory consequences for AM fungi
can substantially differ as a result of fungal measurements
(Van der Heyde et al. 2017). Mycorrhizal HLD relates to plant
N and P uptake, plant growth, soil N and C cycling, and
stabilization of soil aggregates (Wilson et al. 2009; Rillig
et al. 2010; Horton 2015; Kohler et al. 2017; Lin et al.
2017). Overall, HLD is an important indicator of AM fungal

Fig. 5 Relationships between hyphal length density (HLD) and above-
ground net primary productivity (ANPP) (a), plant species richness (b),
soil nutrients (c–e), and soil edaphic properties (f–h) in flat areas.
Regressions were estimated using a linear or quadratic model with

grazing pressure as a continuous predictor. Statistics (R2 and p values)
for the regressions are indicated; dotted lines represent the 95% confi-
dence intervals
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biomass, AM fungal functioning, and potential host-plant
benefits (Olsson 1999; Balser et al. 2005). Our results suggest
grazing does decrease HLD in sloped areas, and thus, may
lead to a decrease in AM fungi functioning.

Topography and grazing pressure have not always been
simultaneously taken into consideration in previous studies.
Long-term over-grazing can significantly decrease spore den-
sity and AM taxa richness (Su and Guo 2007), and even mod-
erate grazing can decrease HLD (Van der Heyde et al. 2017).
Mycorrhiza abundance also can be affected by plant commu-
nity parameters, root/shoot ratio, and host-plant identity
(Grman 2012; Liu et al. 2012), which are influenced by graz-
ing. Our results suggest high grazing pressure negatively af-
fected ANPP, with a concomitant decrease in HLD, especially
in sloped areas. Chen et al. (2013) showed root biomass was
negatively correlated with grazing pressure in semi-arid grass-
lands. Therefore, high-intensity grazing will reduce photosyn-
thetic output and fixed carbon supplies for roots and associat-
ed AM fungi, corroborating the carbon-limitation hypothesis
(Gehring and Whitham 2003).

We found a humped relationship between HLD and graz-
ing pressure in flat areas, which might be explained by the
intermediate-disturbance hypothesis (Collins et al. 1995).
Milchunas et al. (1988) and Milchunas and Lauenroth
(1993) developed a model predicting plant productivity was
linearly related with grazing pressure in semi-arid grasslands
but showed a humped relationship in sub-humid grasslands
after long-term grazing. Previous research also confirms
aboveground productivity, plant diversity, and belowground
nematode diversity are best maintained at a moderate grazing

(~ 4.5 sheep ha−1) (Chen et al. 2013). Our results did not find
peak plant richness at a moderate grazing level but do suggest
that the intermediate-disturbance hypothesis may be expanded
to help explain grazing effects on soil microbial abundances.

Our findings indicate topography altered the pathway of
grazing effects on HLD. The abundance of AM fungi is also
influenced by soil nutrient availability (Liu et al. 2012; Hu
et al. 2013; Johnson et al. 2015). Compared with flat areas,
sloped areas are more likely to be nutrient and water limited,
because of reduced infiltration and vulnerability to erosion
(Kölbl et al. 2011). Liu et al. (2012) found HLD was nega-
tively correlated with plant-available N and P in soil and pos-
itively related to soil pH. We found a positive relationship
between N-to-P ratio and HLD in sloped areas, indicating N-
limitation. In contrast, we found a negative relationship be-
tween N-to-P ratio and HLD in flat areas, indicating P-limita-
tion. Johnson et al. (2015) showed host-plants were more re-
liant on AM fungi in P-limited than in N-limited systems, and
this may explain why we found ANPP increased along with
HLD.

SEM analysis of our results helps determine mechanisms
and pathways of grazing effects on plant community parame-
ters, soil nutrients and edaphic properties, ultimately
explaining differences in extra-radical AM hyphae across
semi-arid grassland areas. These changes depend not only
on grazing pressure but also on topography. In our study,
grazing pressure reduced extra-radical AM hyphae by altering
soil nutrients in sloped areas, while promoting extra-radical
AM hyphae (when < 4.5 sheep ha−1) in flat areas, by altering
plant community parameters and edaphic properties. Slope

Fig. 6 Structural equation models (SEM) showing grazing pressure ef-
fects on hyphal length density (HLD) via pathways of plant community
parameters, soil nutrients, and edaphic properties in sloped (a) (χ2 = 1.76,
p = 0.62, RMSEA = 0.00, AIC = 25.16) and flat (b) (χ2 = 0.04, p = 0.84,
RMSEA = 0.00, AIC = 28.04) plots. Square boxes denote variables
included in the models. Plant community parameters include above-
ground net primary productivity (ANPP) and plant species richness; soil
nutrient variables include plant-available nitrogen (AN), plant-available
phosphorus (AP), and soil organic carbon (SOC); edaphic variables in-
clude soil moisture (SM), soil bulk density (SBD), and soil pH. A signif-
icant increase or decrease of variables in relation to grazing pressure is

shown by the Bupward arrow^ or Bdownward arrow,^ respectively. Plant
community parameters, soil nutrients, and edaphic properties are synthet-
ic variables derived from the first axis of principal component analyses.
The values of the mean change in response to grazing across different
levels of pressure (i.e., 0, 1.5, 3, 4.5, 6, 7.5, or 9 sheep ha −1) are shown in
each box. The width of arrows indicates the strength of the standardized
path coefficient (**p < 0.01; *p < 0.05), solid lines indicate significant
path coefficients, dashed lines indicate non-significant path coefficients,
black lines indicate positive path coefficients, and gray lines indicate
negative path coefficients; R2values represent the proportion of variance
explained for each endogenous variable
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aspect has been shown to affect the diversity of AM fungi by
mediating available P, soil organic carbon, plant cover, and
plant diversity (Liu et al. 2017). Our results, combined with
previous results (Chen et al. 2013; Liu et al. 2017), strongly
indicate grazing influences soil microorganisms via complex
pathways. Grazing-induced changes in soil microorganisms
may in turn modify grassland ecosystem functioning (Chen
et al. 2013; Chen et al. 2017; Soliveres et al. 2016). Our find-
ings provide a better understanding of grazing-plant-soil AM
fungi dynamics and have important implications for grazing
management.
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