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Abstract

Aims Plant—soil feedbacks (PSFs) and grazing drive
community dynamics in grasslands. We examined how
the intensity of grazing and PSF interact to affect plant
growth and explored what drives the observed feedback
effects.

Methods Three dominant perennial plant species; Arte-
misia capillaris, Lespedeza davurica, and Stipa
bungeana were grown in field-conditioned soil (steril-
ized or unsterilized) collected from four grazing inten-
sities in a semiarid grassland of northwest China. Soil
nutrient concentrations and root fungal communities
were determined.

Results Plant biomass increased with grazing intensity
for the three plant species. Within each grazing intensity,
plant growth in sterilized soil relative to unsterilized soil
differed markedly among species. Soil inorganic nitro-
gen (N) concentration tended to increase with increasing
grazing intensity. Arbuscular mycorrhizal fungi (AMF)
colonization was high for all grazing intensities for L.
davurica. Fusarium tricinctum, the most common path-
ogenic Fusarium species, had the highest frequency
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from the control for A. capillaris and tended to increase
with increasing grazing intensity for S. bungeana.
Conclusions Our results suggest that in grasslands plant
growth can be modified by the intensity of grazing via
grazing-induced changes in soil nutrient availability and
fungal communities. Additional studies are needed to
determine how grazing intensity affects species co-
existence through PSFs to mixed communities.

Keywords Plant—soil interactions - Grasslands - Grazing
intensity - Fusarium - Arbuscular mycorrhizal fungi -
Species—specific interactions

Introduction

In grassland ecosystems, grazing by large herbivores
plays a crucial role in driving plant community dynam-
ics (Olff and Ritchie 1998; Bakker et al. 2006). Grazing
modifies species co-existence by decreasing the abun-
dance of some preferred species through consumption
(Collins et al. 1998) or grazing-induced changes in soil
properties (Bardgett and Wardle 2003). However,
predicting and understanding the effects of grazing on
soil properties is difficult because grazing involves a
combination of several factors, including the removal
of plant shoot tissue, dung and urine return, and tram-
pling, and these factors simultaneously affect soil con-
ditions (Mikola et al. 2009). For example, the removal
of plant shoot tissue reduces the aboveground litter input
into the soil, which decreases the activity of soil fungi
(Hamilton and Frank 2001). However, the return of
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dung and urine creates patches in the upper layers of soil
that are rich in nitrogen and organic matter, providing
resources for soil fungi (Stark and Kytoviita 2006). In
addition, the duration and intensity of grazing further
complicates its effects on abiotic and biotic soil properties
(Bardgett et al. 2001). For example, fungal communities
are the dominant decomposers of organic matter in sub-
montane regions of the UK exposed to grazing at low
intensities, whereas bacterial communities play a promi-
nent role in high-intensity grazing systems (Bardgett et al.
2001). Despite the widespread recognition that grazing
can strongly modify soil conditions (Hamilton and Frank
2001; Bardgett and Wardle 2003), little is known about
the indirect effects of grazing on plant performance via its
effects on soil properties.

Plants change the biology, chemistry, and structure of
the soil they grow in, which in turn, influences the
performance of plants that grow later in the soil. This
process is referred to as plant—soil feedback (PSF)
(Bever 2003; van der Putten et al. 2013). PSF is negative
when conditioned soil decreases the performance of a
plant species and is positive if the opposite is true (Bever
1994). Negative PSFs typically reduce the abundance of
plant species (van der Putten et al. 1993; Petermann
et al. 2008; Kardol et al. 2013), whereas positive PSFs
often increase the abundance of species (Callaway
2000; Inderjit and der putten WH 2010). The process
of PSF can be mediated by biotic soil conditions, such as
pathogenic and/or beneficial fungi (Klironomos 2002;
Kardol et al. 2007; Bezemer et al. 2013), as well as by
abiotic soil conditions, such as nutrient availability
(Ehrenfeld et al. 2005; Manning et al. 2008; Kos et al.
2015).

The effects of PSF depend on direct interactions
between plants and soil conditions, but the direction
and strength of these interactions can be modified by
shifts in external environmental conditions (Gustafson
and Casper 2004) and at temporal scales (Kardol et al.
2013). The direction of PSF, for example, can shift from
negative to positive with decreasing light in forest un-
derstory species (Smith and Reynolds 2015). While PSF
is increasingly recognized as a powerful framework for
understanding how ecosystems function (Bever 2003;
Kulmatiski et al. 2008; van der Putten et al. 2013), very
little is known about how PSFs vary with respect to
grazing intensity, and more specifically whether shifts in
these interactions are driven by abiotic and biotic soil
properties. Although recent studies have reported that
grazing-induced changes in soil can modify plant
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competitive interactions (Medina-Roldan et al. 2012)
and alter plant biomass allocation (Veen et al. 2014),
no study to date has explored how changes in abiotic
and biotic soil conditions at different grazing intensities
modify the direction and strength of PSF.

In the present study, we explored how abiotic and
biotic soil conditions interact with long-term grazing to
affect plant performance within a well-established graz-
ing trial site where four levels of grazing intensity had
been maintained for 13 years in a semiarid grassland of
northwest China. We performed a greenhouse experi-
ment using field-conditioned soil from the four grazing
intensities. Half of the soil sampled from each grazing
intensity was heat-sterilized and the remainder was not
sterilized, to test the following two hypotheses. First, we
hypothesized that plant biomass production will in-
crease with increased grazing intensity. This is based
on the assumption that the return of dung and urine will
increase with grazing intensity, resulting in positive
effects on plant growth via increased nutrient availabil-
ity (Ehrenfeld et al. 2005; Manning et al. 2008; Kos
etal. 2015). The second hypothesis was that within each
grazing intensity, plants grown in sterilized soils will
have higher biomass production than plants grown in
unsterilized soils. This is because negative feedbacks are
thought to predominate in semiarid grasslands
(Kulmatiski et al. 2008; Reinhart 2012), and soil steril-
ization can eliminate most fungal pathogens that are key
drivers of the negative feedback effects (Kardol et al.
2007; Petermann et al. 2008). By testing the two hy-
potheses in a controlled greenhouse experiment, we
expected to further our mechanistic understanding of
how changes in abiotic and biotic soil conditions by
grazing at various intensities affect plant growth in
semiarid grasslands.

Materials and methods
Study site

The study site is located in a semiarid grassland of the
Tian Shui Grassland Research Station, in Huan County,
Gansu Province, northwest China (37.12°N, 106.82°E;
1650 m in elevation). The grassland is a typical semiarid
and arid ecosystem, and is sensitive to climate change
and grazing disturbance (Christensen et al. 2004). The
mean annual temperature is about 7.1 °C and the aver-
age annual rainfall is approximately 360 mm, with more
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than 80 % falling from July to September. The soil is
classified as Cambisol based on the FAO soil classifica-
tion (Liu et al. 2011). The vegetation of heavily-grazed
grassland was characterized by the disappearance of rhi-
zomatous grasses and the dominance of undershrubs and
small bunch grasses (Ren 1998). In the semiarid grass-
land where our trial site is located, there are no rhizoma-
tous grasses and the grassland is dominated by the forb
Artemisia capillaris Thunberg (Asteraceae), semishrub
Lespedeza davurica (Laxm.) Schindl (Fabaceae) and
bunch grass Stipa bungeana Trin. (Poaceae) (Hou et al.
2002). This is consistent with the characteristics of
heavily-grazed grassland and hence we inferred that the
grassland of the trial area had experienced a long period
of moderate to heavy grazing.

In 2001, 12 adjacent experimental plots within the
semiarid grassland with a visually similar botanical
composition, slope, and aspect were selected and fenced
to establish a grazing trial. Four grazing intensities were
established as follows: 0, 4, 8, and 13 lambs were
rotationally grazed in three replicated 0.5 ha plots of
each treatment, representing the stocking rates of 0, 2.7,
5.3, and 8.7 sheep/ha, respectively. All plots were ar-
ranged in a completely randomized design. Lambs of
the “Tan’ breed weighing approximately 20 kg were
purchased from local farmers in the spring of each year.
Each plot is rotationally grazed three times per year
(10 days each time with a rotation interval of 30 days)
from early June to early September. Prior to the onset of
our experiment, the four grazing intensities were main-
tained for 13 years from 2001 to 2014.

Field survey and seed collection

A vegetation survey was conducted in June 2014, prior
to the beginning of the grazing trial. Plant community
composition, coverage, and the number of plants of each
species were recorded in five 1 x 1-m quadrats per plot.
In each plot, a W-shaped transect (2 m from the edge of
the plots to avoid edge effects) was established and
vegetation recordings were obtained at the five outer-
ends of the W-shape (van de Voorde et al. 2012). The
frequency of a particular plant species in each plot was
recorded in 20 random 0.5-m diameter wire frames (2 m
from the edge of the plots to avoid edge effects). The
abundance of a plant species in each plot was estimated
as the importance value (IV) of a plant species in the
community. The IV was calculated as follows: IV = (rel-
ative cover + relative frequency + relative density)/3

(Gilland and Mccarthy 2014). In 2013, seeds of
S. bungeana, L. davurica, and A. capillaris were col-
lected from a roadside 2 km from the grazing plots
within the grassland in the middle of June and early
and middle October, respectively, when seeds ripened.
Mature inflorescences were harvested manually from
many plants and brought to the laboratory, where the
seeds were air-dried, cleaned, and stored at 4 °C.

Soil sampling and soil analyses

Soil samples were obtained when the vegetation survey
was completed. Approximately 40 kg of fresh soil was
sampled from the top soil in each plot at ten positions
randomly along the W-shaped transect, resulting in a
total of 480 kg of soil (40 kg per plot x 4 grazing
intensities x 3 replicates). The depth of soil sampling
was about 10 cm and the distance between adjacent
sampling sites within each plot was about 10 m. The
soil was passed through a 5-mm mesh sieve to remove
large roots and plant residues. Soil samples from the
same plot were merged uniformly to obtain a composite
soil sample. The homogenized soil was divided into two
equal parts. One part was heat-sterilized for 20 min at
120 °C twice in two consecutive days and the other was
kept intact (unsterilized), yielding 8 treatment combina-
tions (4 grazing intensities X 2 soil treatments). Both
halves were stored at 4 °C prior to the greenhouse
experiment. Four soil subsamples were obtained from
each replicate of 8 soil treatment combinations, air-dried
(<30 °C) and ground to pass a 2-mm sieve, to determine
soil nutrient concentration. Soil inorganic N was ana-
lyzed by adding 50 mL of 2 M KCI to a 10-g soil
subsample and shaking for 2 h. After shaking, the soil
suspensions were filtered through Whatman No. 1 filter
paper. Soil NH,"-N and NO; -N were determined col-
orimetrically in the KCI extract on a FIAstar 5000
Analyzer (Foss Tecator, Hoganis, Sweden). Soil total
phosphorus (P) and total N were determined by adding
3.3 g of catalyst (K,SO4 vs. CuSOy, at a ratio of 10:1)
and 10 mL of concentrated sulfuric acid to a 0.5-g
soil subsample, digesting for 2 h at 420 °C, and
analyzing on a FIAstar 5000 Analyzer. The percentage
of soil organic carbon (C) was determined by the
Walkley—Black method as described by Nelson and
Sommers (1982). Briefly, 0.5 g of soil was digested with
5 mL of 1 N K,Cr,O5 and 10 mL of concentrated
sulfuric acid at 185 °C for 5 min, followed by titration
of the digests with standardized FeSO,.
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Greenhouse experiment

The growth of three dominant species in the grassland;
A. capillaris, L. davurica, and S. bungeana, was exam-
ined in field-conditioned soil subjected to the four in-
tensities of grazing in pot trials under greenhouse con-
ditions, which was methodically similar to some PSF
studies (De Long et al. 2014; Veen et al. 2014). Seed of
each plant species were selected randomly, surface-
sterilized (2 min in a 1 % chloride solution and rinsed),
and germinated on sterile glass beads. Five one-week
old seedlings of each species were transplanted into
plastic pots (15 % 15 x 15 cm deep) containing approx-
imately 1500 g of sterilized or unsterilized soil (dry
weight). There were three replicates per treatment,
matching soil samples from the three replicated plots
per grazing intensity. The greenhouse experiment was
duplicated to allow us to independently determine plant
biomass production and fungal colonization. Hence, the
design of the greenhouse trial involved 3 species x 4
grazing intensities x 2 soil treatments x 3 replicates x 2
duplicates, for a total of 144 pots. The pots were placed
in a greenhouse with a completely randomized design at
60 % relative humidity, a day/night cycle of 16/8 h, and
temperatures of 21 °C/16 °C, respectively. Natural day-
light was supplemented by metal halide lamps
(225 umol s~ ' m 2 photosynthetically active radiation,
1 lamp per 1.5 m?). Seedlings that died during the first
week were replaced immediately. The pots were
watered every other day by adding sufficient water to
bring the soil moisture to 25 % (w/w) by weighing. The
pots were re-positioned randomly once a week to min-
imize the effects of greenhouse microclimate variation.

After 12 weeks, aboveground parts of each pot were
clipped at the soil surface. Two equal numbers of pots
were obtained randomly for each treatment. The first set
of pots was used to measure belowground biomass after
washing roots with tap water. The roots along with the
shoots were then oven-dried at 70 °C for five days and
weighed. The second set of pots was used to measure
the colonization percentage of soil fungi and to isolate
Fusarium species (see below).

Measurement of soil fungi in plant roots
For each treatment, 10 root fragments of 5 cm in length
were randomly selected from each of the three replicates

from the second set of pots. They were immediately
transported to the laboratory, where fine roots from each
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treatment were washed repeatedly with distilled water to
remove any soil and stored in 50 % ethanol (Maron et al.
2011). The cleaned root samples were then digested for
40 min at 90 °C in 10 % KOH, stained with Chorazol
Black E (Brundrett et al. 1984), and assessed at 250x
magnification to determine the percent of internal tis-
sues infected by AMF vs. non-AMF (pathogenic/sapro-
phytic fungi)(McGonigle et al. 1990). The two groups
of fungi were distinguished based on their morpholog-
ical characteristics, i.e., by the presence of arbuscules/
vesicles/coenocytic hyphae vs. the presence of regularly
septate hyphae and the absence of arbuscules and vesi-
cles (Klironomos et al. 1996). A total of 150 intersec-
tions were counted for each replicate, and the coloniza-
tion percentage was calculated as the number of inter-
sections in which AMF or non-AMF were observed
divided by total intersections.

Isolation of pathogenic Fusarium spp. from roots

Members of the genus Fusarium are common plant
pathogens worldwide (Booth 1971). The isolation fre-
quency of Fusarium spp. from the roots of the three
plants was determined after the greenhouse experiment
was completed, as a preliminary study indicated that
members of this genus are the most pathogenic of the
isolated fungi (unpublished data). For each treatment, 5
root fragments of 5 cm in length were randomly selected
from each of the three replicates from the second set of
pots. Tap roots (fibrous roots for S. bungeana) were
trimmed, washed free of soil with tap water, and used
to isolate fungi. The cleaned roots were surface-
sterilized with 1 % sodium hypochlorite for 2 min,
rinsed three times in sterile water, air-dried on sterile
filter paper, and cut into 1-2-mm-long segments, as
described by Skipp et al. (1986). Ten random root pieces
were then placed on malachite green agar media (con-
taining 200 mg/L penicillin and streptomycin) at 22 °C
for 1 week (Castella et al. 1997). Fungal hyphae from
the margin of each colony were picked off under a
stereoscopic microscope and transferred to potato dex-
trose agar (PDA) for purification and identification
(Dynowska et al. 2011). Fusarium isolates were identi-
fied based on the colony and conidial characteristics
from single spores on both PDA and carnation leaf agar
(Nelson et al. 1983). The isolation frequency of Fusar-
ium spp. was calculated as the number of root segments
that had Fusarium spp. divided by the total root
segments.
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Statistical analysis

All data analyses were performed using GenStat version
17.1 (VSN International Ltd., UK). For IV and the
concentration of soil nutrient, values of subsamples
within the same replicate were averaged prior to statis-
tical analysis. Field data were analyzed using one-way
analysis of variance (ANOVA) with Tukey’s tests to
evaluate the effect of grazing on the [Vs of the three
species. The concentrations of soil nutrients were ana-
lyzed using two-way ANOVA, with grazing intensity
and soil treatment as factors. Plant biomass, root
biomass/total biomass ratio (RWR), the percentage of
fungal colonization, and the isolation frequency of
Fusarium tricinctum were analyzed using general-
ized linear mixed models (GLMMs) with plant
species, grazing intensity, and soil treatment as
fixed effects, and replication as a random effect
(randomized position within the greenhouse). In a
preliminary test, soil organic C was used as a
covariate in the GLMMs as the concentration of
soil organic C increased by soil sterilization, but
later it was omitted from the models because it did
not actually affect the outcome of the analyses.
Individual comparisons of plant total biomass and
the RWR between unsterilized and sterilized soil
within each grazing intensity were performed using
independent sample #-tests at p < 0.05. The differ-
ences in fungal colonization and F. fricinctum fre-
quency among grazing intensities were tested using
Tukey’s tests at p < 0.05. Prior to the ANOVA,
data were checked for normality and homogeneity,
and were transformed whenever necessary to meet
the assumptions. Means are reported with standard
eITOTS.

Results
Field observations

The Vs of A. capillaris and L. davurica decreased
significantly with increased grazing intensity (Table 1),
indicating that the abundance of the two species de-
creased as the grazing intensity increased. In contrast,
the IV of the grass S. bungeana tended to increase with
increased grazing intensity (Table 1), indicating that
sheep grazing increased the abundance of the grass to
some extent.

Table 1 Importance value of Artemisia capillaris, Lespedeza
davurica and Stipa bungeana at different grazing intensities (0,
2.7, 5.3 and 8.7 sheep/ha) in Tian Shui Grassland Research Sta-
tion, Huan County, Gansu Province, in 2014

Grazing  A. capillaris L. davurica S. bungeana
intensity

(sheep/ha)

0 0.426+0.015a 0.106 £0.022a 0.133+0.012
2.7 0.335+0.021b  0.081 +£0.017ab 0.148 £0.074
53 0.280 £ 0.040 bc  0.070 £0.010 ab 0.159 + 0.021
8.7 0246 £0.017¢  0.049+0.022b 0.213 £0.056

Data are represented as the mean of three replicates with standard
errors. Within columns, different lower-case letters indicate signif-
icant difference using Tukey’s tests at p < 0.05

Soil nutrient concentration

The concentration of soil NH,*-N, NO; -N, total
N, and organic C was significantly affected by
grazing intensity (Table 2). Soil sterilization did
not affect the concentration of soil NH,"-N,
NO; -N, total N, and total P, but did affect soil
organic C, which was significantly higher in ster-
ilized than unsterilized soil (Table 2, Table 3). The
concentration of soil NH,*-N increased significant-
ly with increased grazing intensity and was highest
in the 8.7 sheep/ha treatment (Table 3). The con-
centration of soil NO3 -N tended to increase with
increased grazing intensity (Table 3). Soil total N
tended to decrease with increased grazing intensity
(Table 3). Soil organic C decreased significantly as
the grazing intensity increased and was lowest in the 8.7
sheep/ha treatment (Table 3). Total P did not vary sig-
nificantly with grazing intensity and was highest in the
2.7 sheep/ha treatment (Table 3).

Plant biomass and biomass allocation

Plant total biomass was significantly affected by
plant species, grazing intensity and soil treatment
(Table 4). Total biomass tended to increase with
grazing intensity for the three plant species
(Fig. 1). There was a three-way interaction effect
of soil treatment, plant species, and grazing inten-
sity on plant total biomass (Table 4), indicating
that plant growth of the three species responded
differently to sterilization among grazing intensities. For
A. capillaris, plant biomass was significantly higher in
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Table 2 Results from two-way ANOVA for the effects of grazing
intensity (G) (0, 2.7, 5.3 and 8.7 sheep/ha) and soil treatment (S)
(sterilized or unsterilized) on soil total nitrogen (TN), inorganic N

(NH4*-N and NO; ™ -N), total phosphorus (TP) and organic carbon
(SOC). F-values (F) and p-values (p) were given. Significant p-
values (p < 0.05) in bold

Source df NH,*-N NO3™-N TN TP SOC

F P F r F P F P F P
G 3 13.31 < 0.001 4.20 0.023 7.80 0.002 0.52 0.673 10.66 < 0.001
S 1 0.89 0.359 0.08 0.776 0.01 0.940 1.66 0.216 4.81 0.043
GxS 3 0.15 0.929 0.10 0.961 0.10 0.959 0.55 0.653 0.57 0.644

the soil from the control that was sterilized than in
the unsterilized soil (Fig. la). We observed that
A. capillaris plants grown in the unsterilized soil
from the control had smaller and blacker root
systems than those grown in the sterilized soil
(Fig. 2). For S. bungeana, plant biomass in the
sterilized soil from the 8.7 sheep/ha treatment was
significantly higher than that in the unsterilized
soil (Fig. lc). However, we found that the plant
biomass of L. davurica in sterilized soil was sig-
nificantly lower than that in unsterilized soil for all
grazing intensities (Fig. 1b).

The RWR was significantly affected by plant
species and soil treatment (Table 4). There was
an interactive effect of plant species and grazing
intensity on RWR (Table 4), indicating that the
RWR of the three species differed among grazing
intensities. The RWR tended to increase as the
grazing intensity increased for A. capillaris
(Fig. 3a). By contrast, the RWR tended to decrease
as the grazing intensity increased for S. bungeana
(Fig. 3c). The RWR in sterilized soil was significantly

higher than that in unsterilized soil from the control and
the 2.7 sheep/ha treatment for A. capillaris (Fig. 3a).

Fungal colonization on plant roots

Soil sterilization significantly reduced the colonization
percentage of AMF and non-AMF (Table 5, Fig. 4). The
mean percentages of root colonization by AMF and
non-AMF differed among species (Table 5, Fig. 4).
Roots of L. davurica in the unsterilized soil had high
AMF colonization percentages for all grazing intensities
(c.40 %) (Fig. 4c). There was an interactive effect be-
tween plant species and grazing intensity on non-AMF
(Table 5), indicating that the colonization of non-AMF
responded differently depending on grazing intensity for
the three plant species. For A. capillaris, the percentage
of non-AMF in the unsterilized soil from the control was
significantly higher than that in the other three
grazing intensities (Fig. 4b). In contrast, the per-
centage of non-AMEF in the unsterilized soil tended
to increase as the grazing intensity increased for
S. bungeana (Fig. 4f).

Table3 The concentration of soil total nitrogen (TN), inorganic N (NH4*-N and NO; -N), total phosphorus (TP) and organic carbon (SOC)
of the unsterilized and sterilized soil sampled from the four grazing intensities (0, 2.7, 5.3 and 8.7 sheep/ha)

Soil treatment ~ Grazing intensity (sheep/ha) NH,*-N (mg/kg) NO; -N (mg/kg) TN (g/kg) TP (g/kg) SOC (g/kg)

Unsterilized 0 1450+1.07b 245+0.15 095+0.12a 038+0.06 637+0.78a
2.7 1595+1.09ab  3.05+0.69 099+0.07a 040+0.03 5.25+1.02ab
5.3 1745+137ab  3.19+0.21 0.81+0.18ab 0.36+0.04 5.03+0.72ab
8.7 1921+241a 3.30+£0.49 0.60+0.08b  039+0.01 3.54+1.10b

Sterilized 0 13.35+097B 2.62+041 0.99 +£0.08 041+£0.05 7.69+1.09 A
2.7 1573 +0.79 AB  3.14+£0.37 0.94+0.27 042+0.05 6.80+1.96 AB
53 16.73+1.75AB  3.14+£0.38 0.83 +£0.07 0.41+0.01 6.07+£091 AB
8.7 19.04 £1.57 A 3.28+£0.20 0.61+0.18 0.38+0.05 3.56+0.64B

Data are represented as the mean of three replicates with standard errors. Within columns, different lower-case and capital letters indicate
significant differences for the unsterilized and sterilized soil among grazing intensities using Tukey’s tests at p < 0.05
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Table 4 Results from generalized linear mixed models for the
effects of plant species (Artemisia capillaris, Lespedeza davurica
and Stipa bungeana), grazing intensity (0, 2.7, 5.3 and 8.7 sheep/
ha), and soil treatment (sterilized or unsterilized) on plant total
biomass (TB) and root biomass/total biomass ratio (RWR) in the
greenhouse experiment. F-values (F) and p-values (p) were given.
Significant p-values (p < 0.05) in bold

Factor df TB' RWR
F p F p

Plant species (P) 2 14850 <0.001 14291 <0.001
Grazing intensity (G) 3 61.50 < 0.001 0.63 0.599
Soil treatment (S) 1 11.50  0.001 1557 < 0.001
PxG 6 13.19 <0.001 4095 0.001
P xS 2 1526 <0.001 292 0.064
GxS 3 396 0.014 0.74 0.532
PxGxS 6 420 0.002 0.54 0.775

Data /X transformed before analysis

Isolation of Fusarium species

In total, four Fusarium species were isolated from the
three plant species. Fusarium tricinctum was the most
common Fusarium species and had the highest isolation
frequency for the three plant species. Fusarium
oxysporum was also isolated from all three plant species.
Fusarium redolens was isolated from L. davurica and
S. bungeana. Fusarium equiseti was only isolated from
S. bungeana. Isolates from black stunted roots that were
characteristic of A. capillaris plants grown in the unster-
ilized soil from the control were F. tricinctum (Fig. 2).
Conidia that formed in colonies growing on PDA were
consistent in shape and size with those of this Fusarium
species (Fig. 5).

The isolation frequency of F. tricinctum was
significantly affected by plant species, grazing in-
tensity and soil treatment (Table 5). Soil steriliza-
tion significantly reduced the isolation frequency
of F. tricinctum (Table 5, Fig. 6). There was an
interactive effect between plant species and grazing
intensity (Table 5), indicating that the isolation
frequency of F. tricinctum differed among grazing
intensities for the three species. For A. capillaris,
the isolation frequency of F. tricinctum in the
unsterilized soil from the control was significantly
higher than that in the other three grazing intensi-
ties (Fig. 6a). The isolation frequency of F. tricinctum in
the unsterilized soil from the control was significantly

(a) A. capillaris

2.5
mmmm Unsterilized
20t —1 Sterilized
b b b a
15F
10}

aE i

(b) L. davurica

25

20

15}

10t . . . |
1 W I B

05} |

0.0

(c) S. bungeana

*

Total biomass (g)

25

Cc Cc b a
20+t
1.5} *

1.0

B h I_X—’ n
0.0
0 2.7 53

Grazing intensity (sheep/ha)

8.7

Fig. 1 Plant total biomass of Artemisia capillaris (a), Lespedeza
davurica (b) and Stipa bungeana (¢) grown in unsterilized and
sterilized soil from different grazing intensities (0, 2.7, 5.3 and 8.7
sheep/ha). Data are represented as the mean of three replicates and
the bars indicate standard errors. Within each panel, different lower-
case letters indicate significant differences among grazing intensities
using Tukey’s tests at p < 0.05. Within each grazing intensity, the
asterisk indicates significant differences between the sterilized and
unsterilized soil using independent samples #-tests at p < 0.05

lower than that in the 8.7 sheep/ha treatment for
S. bungeana (Fig. 6¢).
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Fig. 2 Root systems of Artemisia capillaris grown in the steril-
ized (left) and unsterilized (right) soil from the control (0 sheep/ha)
in the greenhouse

Discussion

In this study, we explored how the intensity of long-term
grazing affects plant performance via grazing-induced
changes in soil properties. We utilized field-conditioned
soil that was either heat-sterilized or not sterilized, to
determine the roles of soil fungi and nutrient availability
in the observed effects. We found that grazing-induced
changes in soil created consistent positive effects with
increased grazing intensity, as well as species-specific
feedback effects within each grazing intensity for the
three species. Our findings strongly indicated that in a
grazed ecosystem, plant growth can be modified by the
intensity of grazing, and soil fungi and nutrient availabil-
ity are important drivers of the observed feedback effects.

In support of our first hypothesis, the results showed
that plant total biomass tended to increase with in-
creased grazing intensity for all three species, regardless
of sterilization, demonstrating that grazing-induced
changes in soil have consistent positive effects on plant
growth. These results were in agreement with those of
previous studies in which higher plant biomass was
observed in soils from grazed plots than in soils from
un-grazed plots (Medina-Roldan et al. 2012; Veen et al.
2014). We found that the concentration of soil inorganic
N tended to increase as the grazing intensity increased.
Additionally, in a previous study in the area, the rate of
net mineralization in the soil was highest in the 8.7
sheep/ha treatment (Liu et al. 2011). Taken together,
we inferred that soil nutrient availability was a key
driver of the consistent positive effects with the in-
creased grazing intensity, as previously reported by
Olofsson (2009).

Contrary to our second hypothesis, total biomass of
the three species was not consistently greater when
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Fig. 3 Root biomass/total biomass ratio (RWR) of Artemisia
capillaris (a), Lespedeza davurica (b) and Stipa bungeana (c)
grown in unsterilized and sterilized soil from different grazing
intensities (0, 2.7, 5.3 and 8.7 sheep/ha). Data are represented as
the mean of three replicates and the bars indicate standard errors.
Within each panel, different lower-case letters indicate significant
differences among grazing intensities using Tukey’s tests at
p < 0.05. Within each grazing intensity, the asterisk indicates
significant differences between the sterilized and unsterilized soil
using independent #-tests at p < 0.05

plants were grown in sterilized soil. Plant biomass in
sterilized soil was only higher than that in unsterilized
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Table 5 Results from generalized linear mixed models for the
effects of plant species (Artemisia capillaris, Lespedeza davurica
and Stipa bungeana), grazing intensity (0, 2.7, 5.3 and 8.7 sheep/
ha), and soil treatment (sterilized or unsterilized) on arbuscular

mycorrhiza fungi (AMF) and non-AMF (pathogenic/saprophytic
fungi) and Fusarium tricinctum in the greenhouse experiment. F-
values (F) and p-values (p) were given. Significant p-values
(p < 0.05) in bold

Factor df AMF Non-AMF E tricinctum
F P F P F P

Plant species (P) 2 29.85 <0.001 4.63 0.014 9.43 <0.001
Grazing intensity (G) 3 1.54 0217 6.38 0.001 2.87 0.046
Soil treatment (S) 1 228.35 <0.001 199.30 <0.001 148.68 <0.001
PxG 6 143 0.222 4.52 0.001 5.65 <0.001
P xS 2 18.30 <0.001 4.49 0.016 0.18 0.833
G xS 3 0.27 0.846 2.44 0.076 0.38 0.766
PxGxS 6 0.44 0.850 1.36 0.251 0.32 0.923

soil with the control for A. capillaris and in the treatment
of 8.7 sheep/ha for S. bungeana. Indeed, the plant bio-
mass of L. davurica in sterilized soil from all grazing
intensities was lower than that in unsterilized soil. The
variation in the growth of the three species in sterilized
and unsterilized soil with respect to grazing intensity
indicated that grazing-induced changes in soil could also
generate species-specific feedback effects within each
grazing intensity. It is known that pathogenic fungi are
key drivers of species-specific feedback effects (Kardol
et al. 2007; Bezemer et al. 2013). In our study,
A. capillaris plants grown in the unsterilized soil from
the control plots had smaller and blacker root systems and
lower biomass allocation to roots than those grown in the
sterilized soil. In contrast, A. capillaris plants grown in
unsterilized soil from other grazing intensities did not
have conspicuous root blackening. Subsequent isolation
of fungi from the roots of A. capillaris showed that the
occurrence of the pathogenic fungus F tricinctum was
highest in the unsterilized soil from the control plots. The
comparison of A. capillaris growth and F. tricinctum
colonization in sterilized and unsterilized soil from the
four different grazing intensities provided support for the
viewpoint that the build-up of fungal pathogens is a key
driver of negative feedback effects (Kardol et al. 2007;
Bezemer et al. 2013). In addition, beneficial fungi, such
as AMF, can build up positive feedback effects by pro-
moting plant uptake of soil nutrients (Reynolds et al.
2003). In our study, the colonization percentage of
AMF was high for all grazing intensities for L. davurica
(c. 40 %), providing evidence for the viewpoint that
AMF play an important role in positive species-specific
feedback effects (Klironomos 2002).

Although we expected to observe consistent negative
feedback effects within each grazing intensity for the
three species (Kulmatiski et al. 2008; Reinhart 2012),
positive effects were detected more commonly across
grazing intensities for the three species. For example,
L. davurica experienced strong positive feedback effects
for all grazing intensities. Negative soil feedbacks for
dominant plant species are predicted to prevent the
competitive exclusion of subordinate species and to
maintain species co-existence (Bonanomi et al. 2005;
Petermann et al. 2008). In this study, we found that the
abundance of A. capillaris was highest in the control
plots, and the abundance of S. bungeana was highest in
the plots of 8.7 sheep/ha. Hence, the negative feedback
effects detected for the two species in the two contrast-
ing grazing intensities (control for A. capillaris and 8.7
sheep/ha for S. bungeana) could contribute to maintain
species co-existence via reducing plant abundance. Les-
pedeza davurica is a highly preferred legume species for
grazing livestock in the semiarid grassland of northwest
China and its abundance has decreased greatly due to
many years of intense grazing by sheep (Cheng et al.
2011). As a result, the positive feedback for this species
is expected to increase the abundance of this species in
the grassland (Callaway 2000; Inderjit and der putten
WH 2010). It is inferred that in a grazed ecosystem,
long-term grazing by livestock strongly consumes
aboveground parts of the preferred species, leading to
different community compositions in regard to the in-
tensity of grazing. However, grazing-induced changes
in soil have the potential to promote species co-
existence via altering the species-specific interactions
of plant and soil conditions.
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Fig. 4 The mean percentages of Artemisia capillaris (a and b),
Lespedeza davurica (¢ and d) and Stipa bungeana (e and f) root
colonized by arbuscular mycorrhizal fungi (AMF) and non-AMF
(pathogenic/saprophytic fungi) when they were grown in unsteril-
ized and sterilized soil from different grazing intensities (0, 2.7, 5.3
and 8.7 sheep/ha). Data are represented as the mean of three

While this study indicated the significance of soil
fungi in modifying species-specific feedback effects in
a grazed ecosystem, there are several concerns that have
to be acknowledged. One major concern relates to the
use of autoclaving for sterilization. Autoclaving was
used to sterilize the soil because the preferred method,
gamma irradiation (McNamara et al. 2003), was not
available. A major weakness of sterilization is that the
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replicates and the bars indicate standard errors. Different lower-
case letters indicate significant differences among grazing intensi-
ties using Tukey’s tests at p < 0.05. Note that percentages of AMF
and non-AMF in sterilized soil are not zero but have very small
values

concentration of soil nutrients could increase due to
decomposition of the killed soil organisms (Berns
et al. 2008). In our study, the concentration of soil
organic C increased by autoclaving, which can affect
plant performance directly or indirectly (Liu etal. 2015),
probably resulting in a bias in the results. However, the
species-specific responses to sterilization within same
grazing intensities support the validity of the procedure.
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Fig. 5 Morphological
characteristics of Fusarium
tricinctum isolates from roots of
Artemisia capillaris when grown
in unsterilized soil from the
control (0 sheep/ha). a Colony
cultured on a PDA plate for

7 days at 25 °C; b undersurface of
the colony; ¢ sickle-shaped
macroconidia,

22.5~27.5um x2.5~3.6 um; d
spindle-shaped microconidia,
5.0~94 um x 1.2 ~2.0 um.
Scale bar: ¢ =20 um; d = 10 um

For example, in the treatment of 8.7 sheep/ha, soil
sterilization increased the growth of S. bungeana, but
decreased the growth of L. davurica. The variation in
the growth of the two species in the sterilized and
unsterilized soil is unlikely to result from the increased
organic C from autoclaving sterilization as abiotic
changes appear to consistently affect plant growth
(Aerts and Chapin 2000). Additionally, although we
sterilized the soil twice to eliminate all soil fungal com-
munities, the findings that fungal colonization in the
sterilized soil was not zero indicated that fungi were still
present in the sterilized soil, which may also bias our
results. We cannot determine the origin of the fungi
(probably resulting from subsequent contamination
and/or incomplete sterilization), as the efficacy of ster-
ilization was not tested in culture plates. In general, the
side effects of sterilization can be largely avoided by the
addition of small amounts of living and sterilized soil to
the sterilized background soil (De Long et al. 2014;
Gundale et al. 2014; Kardol et al. 2007). However, we
did not use the approach considering that the density of
soil fungal communities would be diluted by the addi-
tion of a soil inoculum and hence may not necessarily
reflect the communities in the field soil (Brinkman et al.
2010).

Another important concern regarding sterilization is
that other soil organisms that function in the plant—soil
interactions, including bacteria (Weidner et al. 2015),
root-feeding nematodes (OIff et al. 2000), and other
invertebrates (De Deyn et al. 2003), would also be
eliminated by sterilization. Different taxonomic groups
of soil organisms may have similar or additive effects on
plants (Kardol et al. 2007). For example, a study of the
dune grass Ammophila arenaria showed additive effects
of mixtures of soil fungal pathogens and a nematode,
compared to the effects of pathogen monocultures, as
the presence of nematodes may create access for patho-
genic fungi to roots by penetrating the roots with their
feeding stylet (De Rooij-Van der Goes 1995). However,
interactions such as the competition between different
groups of soil organisms may alter the observed feed-
back effects (van der Putten et al. 2013).

In addition, the origin of seeds is an important con-
cern that could bias our results. Genetically differentiat-
ed populations of the same plant species could respond
differently to plant—soil interactions (Felker-Quinn et al.
2011). Seeds used in our greenhouse trial were obtained
from roadsides near the experimental station, where
plants might have experienced a certain extent of graz-
ing and adapted to that level of grazing (Linhart and
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Fig. 6 Isolation frequencies of Fusarium tricinctum from roots of
Artemisia capillaris (a), Lespedeza davurica (b) and Stipa
bungeana (c) when they were grown in unsterilized and sterilized
soil from different grazing intensities (0, 2.7, 5.3 and 8.7 sheep/ha).
Data are represented as the mean of three replicates and the bars
indicate standard errors. Different lower-case letters indicate sig-
nificant differences in the unsterilized soil among grazing intensi-
ties using Tukey’s tests at p < 0.05. Note that the frequencies of
F tricinctum in sterilized soil are not zero but have very small
values, except for S. bungeana in the treatment of 8.7 sheep/ha,
where the value is zero

Grant 1996). Hence, seeds grown in soils from the
experimental plots in which the intensity of grazing is
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similar to that of the roadside may exhibit stronger
feedback effects than those grown in soils from other
experimental plots.

Furthermore, in this study, we found that fungal
colonization was related to species abundance in the
field. For example, L. davurica had a low plant abun-
dance compared to a high AMF colonization in all
grazing intensities. However, variation in root traits is
also thought to influence plant responses to fungal col-
onization (Newsham et al. 1995). It is frequently hy-
pothesized that plant species with a coarse root architec-
ture, characterized by relatively larger diameter roots,
lower root hair density, and shorter root hairs, tend to
exhibit higher colonization of AMF (Brundrett 2002;
Fitter 2004). Lespedeza davurica has a large tap root
system with very few root hairs, and thus leads to a high
colonization of AMF on roots. Therefore, taking plant
traits, such as seed origin, fungal colonization and re-
production rate into consideration is necessary for future
PSF experiments (Ke et al. 2014).

In fields, a plant species typically grows in mixed
communities and hence also interacts with individuals
of other species (van de Voorde et al. 2011; van der
Putten 2009). A plant species can facilitate or inhibit the
performance of other species through their effects on
soil biotic or abiotic properties (Bonanomi et al. 2005;
van der Putten 2009). It is suggested that individual
plant species may generate a mild negative effect in
mixtures, opposite to the effects in monoculture, as the
density of specialized soil pathogens is diluted
(Hendriks et al. 2013). In a grazed ecosystem, the inter-
action of plants and soil could be more complicated as
grazing involves several factors that simultaneously af-
fect soil conditions (Mikola et al. 2009). In this study,
only three dominant species were grown in monoculture
to investigate how grazing-induced changes in soil af-
fect growth for four grazing intensities. In view of the
complexity of plant—soil interactions in a grazed eco-
system, a PSF experiment involving an individual spe-
cies grown in monoculture and in a mixture of plants for
different grazing intensities will be performed in the
future to further explore how grazing-induced changes
in soil influence plant performance.

In conclusion, we found that long-term grazing-in-
duced changes in soil create consistent positive effects
with increased grazing intensity, as well as species-
specific feedback effects within each grazing intensity
for the three species in the semiarid grassland of north-
west China. Although the direction of PSFs is consistent
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for the three species with increased grazing intensity, the
species-specific effects within grazing intensity suggest
that grazing can modify PSFs depending on plant abun-
dance. The direction of PSFs, for example, can shift
from negative in control to positive in the presence of
grazing as for A. capillaris, or from positive in control
and/or low-grazing conditions to negative under high-
grazing conditions as for S. bungeana. Nutrient avail-
ability is the key driver of the consistent positive feed-
back effects with increased grazing intensity, while soil
fungi play an important role in the species-specific
feedback effects within each grazing intensity. These
findings further the understanding that grazing not only
indirectly affects plant growth through altering abiotic
and biotic soil properties but that the intensity of long-
term grazing can modify the direction and strength of
PSFs with regard to plant abundance in the field.
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