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Abstract

Aims While the effects of destocking on soil nutrient
and plant productivity are known, the effect on func-
tional groups of fungi has received less attention. The
objective of this study was to evaluate the effect of long-
term destocking on fungal functional guilds and their
association with plants and soil.

Methods We characterized the changes in five fungal
functional guilds, including plant pathogens, animal
pathogens, wood saprotrophs, dung saprotrophs, and
arbuscular mycorrhizal fungi (AMF), along a 35-year
chronosequence following destocking at 0—60 cm soil
depths on the Chinese Loess Plateau. Fungal communi-
ty composition was assigned by comparing with the
FUNGuild database.

Results After 35 years of destocking, diversities of plant
pathogens, wood saprotrophs, and AMF increased,
while that of animal pathogens and dung saprotrophs
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decreased. Destocking had a greater effect in the near-
surface layers (0—10 and 10-20 cm) owing to the greater
influence of plant biomass and soil nutrients. Among the
above- and belowground drivers, plant pathogen diver-
sity was largely associated with plant diversity, while
animal pathogens, dung saprotrophs, and wood
saprotrophs were associated with aboveground biomass,
AMEF were responsive to soil conditions (e.g., organic C,
NO; -N, C:N ratio, and moisture).

Conclusions Long-term destocking can be considered
to be an important predictor of fungal functional guilds,
and changes in these microorganisms were associated
with cessation-induced shifts in plants and soil by graz-
ing. Our findings provide insights into the duration of
destocking necessary to benefit fungal communities,
and how this varies according to soil depth.

Keywords Fungal community - Functional guild -
Destocking - Plant diversity - Grassland

Introduction

Globally, grazing is considered to be a widespread land-
use strategy with far-reaching social and environmental
effects (Ren et al. 2018b). It is also one of the key biotic
factors influencing grassland ecosystems, which cover
about 20% of Earth’s terrestrial surface and provide eco-
system services, including land for animal husbandry and
carbon sequestration (Zhang et al. 2018). Grazing affects
grassland ecosystems through vegetation removal, ma-
nure deposition, and trampling. Vegetation removal
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changes vegetation composition (e.g., different grazing
intensities lead to changes in the relative proportion of
slow- and fast-growing plant species), reduces vegetation
productivity, and increases root exudates (Eldridge et al.
2017; Yang et al. 2019). Manure deposition can increase
nutrient availability (e.g., C and N) and accelerate N
cycling and reduce soil pH (Sun et al. 2018b). Moreover,
trampling from large herbivores can compact soil, lead-
ing to changes in water-holding capacity and aeration
(Boschi and Baur 2007). These grazing-induced changes
in soil properties and vegetation may have a considerable
effect on soil microbial diversity and community struc-
ture directly or indirectly, especially for soil fungi because
they have more symbiotic relationships with plants, and
they are dispersal-limited compared to bacteria (Schmidt
et al. 2014; Yang et al. 2017).

Fungi play important roles in ecosystem processes,
such as degrading recalcitrant organic matter com-
pounds, thereby releasing mineral nutrients and carbon
dioxide (Grau et al. 2017). Fungal hyphae increase soil
aggregate stability, thereby reducing erosion and soil
nutrient loss (de Menezes et al. 2017). Mycorrhizal
fungi support mineral nutrient uptake in plants, thereby
increasing the net primary productivity of an ecosystem
(McGuire et al. 2010). Moreover, compared to bacteria,
fungal species are well adapted to soil acidity and alka-
linity and can usually survive under pH 5-9 without
significant inhibition of fungal growth (Rousk et al.
2010). Many known functions of fungi are mediated
by specific guilds, such as saprotrophs (decomposers
related to recalcitrant organic matter), symbionts (my-
corrhizal fungi), or pathogens (Eldridge and Delgado-
Baquerizo 2018). Although the importance of fungi in
terrestrial ecosystem processes is recognized, relatively
little is known about the response of soil fungi in grass-
lands to disturbance from grazing, especially in arid and
semiarid grassland ecosystems.

Vegetation in the Yunwushan National Nature Grass-
land Reserve, in the middle of the Loess Plateau, has
experienced serious degradation due to overgrazing
(Zhang et al. 2018). Methods such as the destocking
(Jing et al. 2014), fertilization (Smits et al. 2008), and
reseeding (Leff et al. 2015; Wang et al. 2006) have been
used to restore degraded grasslands. Among them,
destocking is considered to be the most effective ap-
proach for restoring grasslands (Cheng et al. 2016; Jing
et al. 2014). Previous research has already established
that the plant community composition in this area is
determined by nitrogen and phosphorus content (Su
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et al. 2017). It was also shown that the composition of
soil bacteria shifts from oligotrophic to copiotrophic
groups as the intensity of destocking increases, owing
to the accumulation of soil nutrients (Wang et al. 2019;
Zeng et al. 2017). Dynamics of plant communities, soil
properties, and microbes have been extensively report-
ed; however, exploring the relationships among them,
especially for functional group of microbes interacting
with plants, has received less attention. Such informa-
tion is, however, fundamental for our understanding of
how to restore degraded grassland ecosystems and how
to utilize grasslands efficiently and sustainably.

In the present study, the effect of long-term
destocking on the fungal community was determined
by investigating the diversity of fungal OTUs assigned
to functional guild, including plant pathogens, animal
pathogens, dung saprotrophs, wood saprotrophs, and
arbuscular mycorrhizal fungi (AMF), in different soil
layers (0-10, 10-20, 20-40, and 40-60 cm) of semi-
arid grasslands with a chronosequence since
destocking (0, 10, 15, 25, and 35 years) on the Loess
Plateau of China. These fungal guilds are considered to
be important in biogeochemical processes because they
function in the acquisition and decomposition of nutri-
ents and plant growth (Eldridge and Delgado-
Baquerizo 2018; Nguyen et al. 2016). We hypothesized
that destocking would increase the diversity of plant
pathogens, wood saprotrophs, and AMF, while de-
creasing the diversity of animal pathogens and dung
saprotrophs owing to the reduction in livestock graz-
ing. We also hypothesized that the effect of destocking
on fungal communities would differ according to soil
depth, with a greater effect in the near-surface layer
owing to the greater influence from plant biomass and
soil nutrients.

Materials and methods
Study area

The experiment was conducted in the Yunwushan Na-
tional Nature Grassland Reserve (106°21-106°27'E,
36°10'-36°17'N), in Guyuan City, Ningxia Hui Auton-
omous Region, China. The reserve has a total area of
6660 hm” and consists of a core conservation zone
(1100 hm?), a buffer conservation zone (1300 hm?),
and an experimental zone (4360 hm?). The climate is
semiarid with 425 mm of mean annual precipitation,
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7.01 °C mean annual temperature, and 1020-1750 mm
of annual evaporation. The study area has a montane
grey-cinnamon soil (Haplic Calcisol in the FAO/
UNESCO classification) (Wang et al. 2019), and there
are approximately 300 plant species recorded. Stipa
grandis, S. bungeana, Artemisia sacrorum,
S. przewalskyi, and Thymus mongolicus dominate the
grasslands (Cheng et al. 2016).

Study design and sampling

In August 2017, soil samples from four grasslands along
a chronosequence of grassland restoration were collect-
ed at a time corresponding to peak aboveground bio-
mass. Before fencing, these sites had been grazed at a
density of 50 sheep ha 'y~ since 1952, 1962, 1972, and
1977, and thus these sites had the same grazing time
(30 years). Destocking had been conducted by fencing
since 1982, 1992, 2002, and 2007. Therefore, the years
since destocking were 35 (D35), 25 (D25), 15 (D15),
and 10 (D10), respectively. As a reference for sustain-
able grazing, a grassland subjected to continuous graz-
ing at 50 sheep ha 'y ' was selected and is referred to as
the continuous grazed site. The effects of site conditions
on the study outcome were minimized by ensuring that
all sites were at similar elevations, and that they had
similar slopes, and soil type (Table 1).

Three replicated plots (100 m x 50 m) were
established randomly in the investigated sites, and the
distance between adjacent plots was large enough (80—
100 m) that there was no spatial dependence (< 13.5 m)
for most soil variables (Marriott et al. 1997). Soil sam-
ples were collected from 0 to 10-cm, 10-20-cm, 20—40-

cm, and 40-60-cm layers from each plot using a stain-
less steel corer with a diameter of 5 cm. Nine samples
were collected along an S line in each plot and combined
to form a composite sample. After the roots, litter,
debris, and stones were removed, the collected soil
was divided into two parts. One part was frozen at
—80 °C for DNA extraction. The other part was air-
dried for physicochemical analysis. In each plot, three
subplots (1 mx 1 m) were randomly established to
determine the above- and belowground biomass and
the number of plant species. The diversity of the plant
community was estimated using the Shannon-Wiener
index (Zhang et al. 2016). Aboveground biomass was
measured by drying all aboveground parts (shoots,
leaves, and litter) at 60 °C for 36 h. A root auger (inside
diameter, 10 cm) was used to determine the root biomass
at different soil layers (Li et al. 2019).

Soil characteristics

Soil organic carbon (C) was measured using the potas-
sium dichromate oxidation, and pH was determined in a
soil-to-water suspension of 2.5:1 (v/w). Total nitrogen
(N) was measured using the Kjeldahl method (Bremner
and Mulvaney 1982). Soil NH," and NO;  were ex-
tracted with 2 M KCI and thereafter determined by a
flow auto-analyzer. Available phosphorus (P) was mea-
sured using the Olsen method (Olsen and Sommers
1982). Bulk density was calculated based on the inner
diameter of the soil corer (stainless steel cylinders with a
diameter and height of 5 cm). Soil moisture was deter-
mined by oven drying and calculating the percentage of
dry weight (Zhang et al. 2016).

Table 1 Geographical and vegetation features of study sites in the Yunwushan National Nature Grassland Reserve of the Loess Plateau. D:

destocking

Sites  Latitude (N) Longitude (E) Altitude (m) Slope gradient(°) Slope aspect Dominant species

Grazed 36°17'06”  106°2328" 2017 18
D10 36°16'57"  106°23"28" 2034 20
D15 36°16'21"  106°23'15" 2025 20
D25 36°16'3 " 106°2327" 2070 18
D35 36°15'05"  106°23'10" 2071 21

E26°N Potentilla bifurca Linn., Stipa przewalskyi Roshev.,
Carex tangiana Ohwi.

E38°N Leymus secalinus Tzvel., Carex tangiana Ohwi,
Stipa grandis P. Smirn.

E32°N Carex tangiana Ohwi., Carex tangiana Ohwi,
Stipa grandis P. Smim .

W21°N Stipa grandis P. Smirn. Artemisia sacrorum Ledeb,
Oxytropis bicolor.

E29°N Stipa przewalskyi Roshev., Carex tangiana Ohwi.

The soil type of all the sites is montane grey-cinnamon
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Molecular analyses of the soil fungal communities

Microbial DNA was extracted from 0.5 g of soil using
the FastDNA spin kit (MP Biomedicals, Cleveland,
USA) according to the manufacturer’s instructions.
The DNA concentration and purity were determined
using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, USA) and by
2% agarose gel electrophoresis. The primers ITSIF (5'-
CTTGGTCATTTAGAGGAAGTAA-3') and ITS2R
(5'-GCTGCGTTCTTCATCGATGC-3") were used to
amplify the ITS1 region of the fungi. Polymerase chain
reactions (PCR) were performed in a volume of 20 uL.
containing 10 ng template DNA, 4 uL 5% FastPfu
Buffer, 0.4 uL FastPfu Polymerase, 0.8 uL forward
and reverse primers (5 uM), and 2 pL dNTPs
(2.5 mM). The thermal cycling protocol was as fol-
lows: denaturation at 98 °C for 60 s; 30 cycles of
denaturation at 98 °C for 15 s, annealing at 50 °C for
30 s, and extension at 70 °C for 50 s; and a final
extension at 70 °C for 6 min. The DNA was amplified
in triplicate and purified with an xyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA,
US). Purified DNA was collected for sequencing on an
[llumina HiSeq2500 PE250 platform (Illumina Inc.,
USA), and the sequences were uploaded to the NCBI
Sequence Read Archive (accession number:
SRP149460).

After merging the paired-end reads, sequences were
quality-filtered according to previously described
methods (Caporaso et al. 2010), and those with chimeras
were excluded by the UCHIME algorithm (Edgar et al.
2011). The high-quality sequences were clustered into
operational taxonomic units (OTUs) using complete-
linkage clustering at a 97% similarity cutoff. OTUs with
just one read were excluded. The taxonomic identity
was determined based on the UNITE database (release
6.0, http://unite.ut.ee/index.php) using RDP Classifier
(release 11.1, http://rdp.cme.msu.edu/). The observed
species and Shannon Wiener index were determined in
QIIME using 52,669 reads per sample.

Fungal OTUs assigned to functional guild

Fungal OTUs were assigned to functional groups by
comparing with the FUNGuild database 1.0 (Nguyen
et al. 2016; Yang et al. 2017). We mainly concentrated
on five fungal functional guilds: plant pathogens, AMF,
wood saprotrophs, animal pathogens, and dung
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saprotrophs. Fungal OTUs assigned to functional guild
were conducted at genus level and only assignments
with confidence levels of “highly probable” or “proba-
ble” were retained in the following analyses. Approxi-
mately 60% of the OTUs were matched to a functional
guild in the FUNGuild database. The relative abundance
of each functional group was equal to the sum of the
relative abundance of all OTUs sharing a particular
functional group (Eldridge and Delgado-Baquerizo
2018). Shannon diversity of fungal functional groups
was calculated using the phyloseq package (McMurdie
and Holmes 2013) in R v.3.6.0 software (R
Development Core Team 2019).

Statistical analysis

A linear mixed model (split-plot) ANOVA was used to
assess the effect of destocking and soil depth on the root
biomass, soil physicochemical properties, and fungal
diversity. In the model, destocking time was treated as
the fixed main plot and soil depth treated as the fixed
split plot (Demer et al. 2006; Mushinski et al. 2017).
Significance was established at p <0.05. Nonmetric
multidimensional scaling (NMDS) was used to assess
fungal community composition along the soil profile
based on the Bray-Curtis distances of the sequencing
data using vegan package. Permutational multivariate
analysis of variance (PERMANOVA) was used to de-
termine the effect of soil depth on fungal community
composition (OTUs). An aggregated boosted tree
(ABT) analysis was performed to quantify the effect of
the plant and soil variables on the community composi-
tion of fungal OTUs assigned to functional guild using
the gbmplus package with 500 trees for boosting (De'ath
2007) in R v.3.6.0 software (R Development Core Team
2019). Linear mixed model ANOVA, NMDS, and
PERMANOVA was performed using the nlme and veg-
an packages in R v.3.6.0 software (R Development Core
Team 2019).

Results

Plant and soil properties

Destocking increased plant diversity and plant biomass
compared with the grazed site (Table S1). Plant diversity

and aboveground biomass increased over time since the
destocking and peaked after 25 years but decreased
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significantly thereafter. Root biomass in the 0—10-cm,
10-20-cm, and 20—40-cm layers increased with time
since destocking, peaking after 25 years. Root biomass
decreased with soil depth. Similar to root biomass,
organic C, total N, and NH," increased after destocking,
peaking after 25 years. The soil N and C content de-
creased as the soil depth increased. The highest NO;
level was observed in the 0—10-cm and 10-20-cm layers
after 15 years and in the 20—40-cm and 40—-60-cm layers
after 35 years. Soil C:N ratio increased following
destocking, peaked after 25 years in the topsoil (0-10
and 10-20 cm), and decreased with increasing soil
depth. Soil moisture increased after destocking but did
not change consistently in the soil profile. A slight
change (8.19-8.51) was observed in pH during the
destocking process. Bulk density decreased with time
and increased with soil depth.

Fungal community diversity and composition

A total of 4,611,583 sequences were obtained, with an
average of 76,860 sequences and 257 bp in length per
sample. The number of OTUs increased over time since
destocking, and the highest value was observed at the
D35 site among the four soil layers (Table 2). The fungal
Shannon diversity did not change in the initial 10 years
since destocking, and thereafter increased with time
across the four soil layers. No significant difference
was observed in fungal richness as represented by the

Chaol metric between the grazed site and the D10 site,
but it increased thereafter over time since destocking.
The number of OTUs, Shannon diversity, and fungal
community richness changed consistently with soil
depth, and were higher at depths of 0—10 cm and 10—
20 cm compared with those at 2040 cm and 40-60 cm.
A more significant change was observed in the topsoil
compared with the deeper soil. The fungal community
was dominated by Ascomycota (49.7 +5.7%, mean rel-
ative abundance), followed by Zygomycota (29.9 +
5.4%) and Basidiomycota (10.2 +2.8%) (Fig. S1). The
relative abundance of Ascomycota, Zygomycota, and
Basidiomycota changed differently through time since
destocking in different soil layers, while the relative
abundance of Glomeromycota, accounting for only 7%
of'total fungi, increased through time. NMDS ordination
indicated that fungal composition in the topsoil (0—
10 cm and 10-20 cm) was more separated from that of
the deep soil (2040 cm and 40-60 cm) (Fig. S2).

Fungal OTUs assigned to functional guild

The FUNGuild database assigned 1982 OTUs (out of
3266) to fungal functional guilds: grazing (69.0%), D10
(60.3%), D15 (61.7%), D25 (53.4%), and D35 (58.6%)
(Fig. 1). Most (approximately 60%) OTUs were
assigned to plant pathogens, dung saprotrophs, animal
pathogens, wood saprotrophs, and AMF. Among them,
the relative abundance of animal pathogens decreased

Table 2 Operational taxonomic units (OTUs), and their diversity and richness estimates of different destocking treatments

Parameters Depth Grazed D10 D15 D35 Destocking Soil Destocking % Soil
(cm) depth depth
Number of 0-10 624+17  668+60  688+9 710+22  726+67  3.92%* 50.38*#* (0.79 NS
OTUs 10-20 528422  544+32  564+47  612+36  709+41
20-40 476+32  473+£18  508+£12  540+59  553+20
40-60 343+£36  371+£27 389+77 400+33  447+23
Shannon index 0-10 391+£0.1 3.93+0.10 4.18+0.16 422+0.17 44+023 2.94* 3.01% 1.SINS
10-20 3.33+0.15 3.75+0.18 3.88+0.29 3.93+0.09 4.27+0.27
20-40 2.06+0.52 2.62+0.35 3.65+0.07 3.81+0.04 4.13+0.09
40-60 1.99+0.07 2.02+0.99 3.72+0.34 3.98+0.04 4.01+0.16
Chaol 0-10 622+75  635+69  706+57  828+81 864+110 3.85%* 62.34%** (0.40 NS
estimator 10-20 593+54  612+81 711+£32  796+57  887+82
20-40 362+£57  475+49  426+56  586+44  682+66
40-60 355432 390+73  495+39  594+62  630+59

A mixed model ANOVA was used to evaluate the effect of destocking, soil depth and their interaction on fungal diversity. Values are listed as
mean + standard error (n = 3). The last three columns were the F-value from mixed model ANOVA. *p <0.05, **p <0.01, ***p <0.001;

NS: not significant. D: destocking
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from 22.3% in the grazed grassland to 13.6% in the D 35
site, and that of dung saprotrophs decreased from 21.2%
to 8.2%. Both functional groups exhibited a decreasing
trend in all four soil layers after 35 years since
destocking (Fig. 1). In contrast, the relative abundance
of AMEF, plant pathogens, and wood saprotrophs in-
creased through time since destocking in the four soil
layers and was significantly higher than that in the
grazed grassland after 35 years.

Destocking time and soil depth had a significant
effect (P<0.05) on the diversity of fungal OTUs
assigned to functional guild (Table 3), and diversities
of those functional guilds changed inconsistently
through time at different soil depths (Fig. 2). Significant

(a) (b)

changes in the Shannon diversity of plant pathogens,
AMEF, and animal pathogens were observed in the top-
s0il (0—10 cm and 10-20 cm). In the topsoil (0—10 cm),
the diversity of plant pathogens and AMF increased
through time since destocking, peaked after 25 years,
and thereafter significantly decreased. The diversity of
animal pathogens and dung saprotrophs decreased
through time, while that of wood saprotrophs increased.

Link between change in composition of fungal
functional guild and environmental factors

Owing to the narrow pH range (pH 8.19-8.51) recorded
during the destocking process, pH was not considered to
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Fig.1 Relative abundance of fungal functional guilds for each destocking treatment. a 0-10 cm; b 10-20 cm; ¢ 2040 cm; d 40—60 cm. Error

bars indicate the standard error (n =3). D: Destocking
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Table 3 Results from a mixed model ANOVA investigating the influence of destocking and soil depth on the Shannon diversity of fungal

OTUs assigned to functional guild

Guilds Factors DF F-value p value
Plant pathogens Destocking 4 4.86 0.003
Soil depth 79.21 <0.001
Destocking % Soil depth 12 1.59 0.140
Animal pathogens Destocking 4 8.17 <0.001
Soil depth 2.96 0.044
Destocking x Soil depth 12 2.20 0.031
‘Wood saprotrophs Destocking 4 50.78 <0.001
Soil depth 4.86 0.006
Destocking % Soil depth 12 0.87 0.529
Dung saprotrophs Destocking 4 49.67 <0.001
Soil depth 3.14 0.036
Destocking x Soil depth 12 0.72 0.732
Arbuscular mycorrhizal fungi Destocking 4 5.56 0.001
Soil depth 98.73 <0.001
Destocking x Soil depth 12 1.06 0.420

be an environmental driver of fungal community
change. NMDS ordination and PERMANOVA verified
the influence of plants and soil properties on the com-
position of fungal communities within each guild along
the soil profile, but with little evidence of the effect of
destocking differing among soil depths (Fig. 3a—e;
Table 4). However, the relationships between environ-
mental variables and fungal community composition
did vary with depth and among functional guilds of
fungi. Plant diversity, plant biomass (including above-
ground and root), organic C, NO; -N, and moisture
were significantly and positively associated with the
fungal OTUs assigned to each functional guild at depths
of 0-10 cm and 10-20 cm, while bulk density was
significantly and positively associated with each func-
tional guild at depths of 2040 and 40-60 cm.

ABT models were employed to interpret the relative
importance of plant characteristics and soil properties on
the community composition of fungal OTUs assigned to
functional guild (Fig. 4a—¢). Plant characteristics, in-
cluding Shannon diversity, aboveground biomass, and
coverage were identified as primary factors associated
with the changes in plant pathogens and wood
saprotrophs, while the animal pathogens and dung
saprotrophs were largely associated with by above-
ground biomass (Fig. 4a—d). Soil conditions (e.g., or-
ganic C, NO3 -N, C:N ratio, and moisture) were the

most accurate predictors of change in community com-
position of arbuscular mycorrhizal fungi (Fig. 4e).

Discussion
Effect of destocking on plant and soil properties

Our results showed an improvement of destocking on
grassland productivity, characterized by the higher plant
diversity and aboveground biomass in D35 than those in
the grazed grassland (Table S1). The highest diversity
and biomass were observed in the D25 site, and after
25 years, they decreased. A possible reason is the elim-
ination of less competitive species caused by increased
competition in the later restoration period (Odum 1969;
Zhang et al. 2018). For example, A. capillaris and
P australis, predominated the community at the D25
and D35 sites, but the coverage of other species, such as
C. squarrosa, P. heterophylla, and O. bicolor, signifi-
cantly decreased (Table S2). In the continuously grazed
site, herbivores ingested the ground plants and com-
pressed the soil with their hooves (Wang et al. 2019),
resulting in lower plant productivity and denser bulk soil
(Jing et al. 2014). As the time since destocking in-
creased, biomass increased, which led to improvements
in soil nutrient level (e.g., C and N) through the
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(a) Plant pathogen (b) Animal pathogen
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Fig. 2 Changes in diversities of fungal functional guilds for each destocking treatment. Error bars indicate the standard error (n=3). D:
Destocking

decomposition of biomass and release of root exudates depth increased. Higher nutrient content in the surface
(Zhang et al. 2019). As expected, soil nutrient content soil conformed to higher biomass accumulation and
(e.g., organic C, total N, and NH4") decreased as soil higher soil moisture. Bulk density, an indicator of soil
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destocking. Higher bulk density in the deep soil layer
than the surface indicated that the deeper soil is prone to
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Table 4 Results from PERMANOVA investigating the influence of destocking and soil depth on functional groups of fungi based on OTUs

Functional groups of fungi Destocking Soil depth Destocking x Soil depth
Plant pathogens 5.01%* 7.63%* 1.24 NS
Animal pathogens 6.62%% 4.42%* 1.17 NS
Dung saprotrophs 5.23%* 4.15%%* 1.II NS
Wood saprotrophs 6.38%* 5.63%* 1.18 NS
Arbuscular mycorrhizal fungi 4.92%* 4.85%%* 1.03 NS

The F-value from PERMANOVA was presented in table below. The asterisk indicates significant differences between treatments. * p < 0.05,

** p<0.01; NS: not significant

be more anoxic, probably because there are fewer roots
in the deep layers.

Effect of destocking on fungal diversity and functional
guild

Long-term destocking resulted in increased fungal di-
versity and richness. A previous study also reported that
greater duration of destocking led to greater fungal
diversity when compared with short-term destocking
(14 and 19 years) in semiarid grasslands (Wang et al.
2019). Different from the humped changes in plant
diversity (Table S1), fungal diversity significantly in-
creased over time (Table 2). Our findings are consistent
with those of a study by Chen et al. (2018), in which no
significant relationship existed in plant diversity and
fungal diversity in a semiarid grassland. These results
suggested that coupling between plant and whole-fungal
community probably does not occur in the grasslands of
the Loess Plateau.

A substitution of certain groups over time in fungal
communities during natural restoration has been report-
ed (Hu et al. 2019; Wang et al. 2019). However, we did
not observe such a successional pattern in the present
study. This finding disagreed with our previous obser-
vation of a significant change in fungal composition
during the secondary succession on the abandoned
cropland (Zhang et al. 2017). Given the unique char-
acteristics of the different ecosystems, the response of
fungi to succession may be ecosystem-specific, and
dependent upon climate, soil conditions, and human
disturbance (Hu et al. 2019; Kuramae et al. 2011; Peay
et al. 2010).

In this study, destocking time drove the fungal OTUs
assigned to functional guild (Figs. 1 and 2), consistent
with our understanding of the grazing-induced re-
sponses of plant communities. In line with the first
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hypothesis, 35 years of destocking increases the diver-
sity of wood saprotrophs, plant pathogens, and AMF,
while it decreases the diversity of animal pathogens and
dung saprotrophs. These findings are consistent with
those of a previous study on grasslands that reported
changes in fungal communities caused by grazing
(Eldridge and Delgado-Baquerizo 2018). ABT analysis
(Fig. 4a) indicated that increasing plant diversity and
coverage was related to an increase in plant pathogens.
Plant diversity has been reported to be a dominant factor
affecting plant pathogens because plants provide diverse
substrates for pathogens (Chen et al. 2018; Yang et al.
2017). A more diverse plant community could have a
greater root biomass and diverse root exudates (Cui
et al. 2018; Zhang et al. 2019), and thus provide abun-
dant and different resource for fungi. By increasing plant
diversity, destocking would likely increase the abun-
dance and diversity of plant pathogens.

Grazing has been reported to have a positive effect on
the growth of animal pathogens and dung saprotrophs
because the livestock excrement offered rich resource
for some animal pathogens and fungi (Eldridge and
Delgado-Baquerizo 2018). The destocking decreases
the number of herbivores, consequently decreasing the
abundance of animal pathogens and dung saprotrophs.
This was confirmed by the results of the ABT analysis,
in which aboveground biomass was an important pre-
dictor of animal pathogens and dung saprotrophs (Fig.
4b-c). Our results supported the resource diversity hy-
pothesis that plant productivity determines soil fungal
diversity (Hiiesalu et al. 2017; Yang et al. 2017), and the
interaction between plants and fungi depends on nutri-
ent input.

Given the ubiquitous symbiotic relationships be-
tween AMF and plants (Koziol and Bever 2017; Ren
et al. 2018a), we expected there to be a positive associ-
ation between plants and AMF. However, the variation
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in AMF diversity was mainly explained by soil re-
sources (soil organic C, C:N ratio, NO; -N and mois-
ture), and less by plant properties (Fig. 4e). This finding
was confirmed by the regression analysis that showed
that plant community was not a predictor of the abun-
dance of AMF. The soil C:N ratio and moisture are
usually considered to be key and limiting factors for
AMF growth, and both could play important roles for
fungi, especially in semiarid areas (Hu et al. 2019; Nie

et al. 2018). Soil water availability influenced AMF
community richness and composition in soil and roots
(Deveautour et al. 2019; Li et al. 2015), while AMF
stimulation of fresh residue decomposition can be great-
er for those residues with high C:N ratios (Wei et al.
2019). However, a positive relationship between fungal
growth and N-concentration (Wei et al. 2013) or inor-
ganic N-addition in soil has also been previously report-
ed (Chen et al. 2018).
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Effect of soil depth on fungal OTUs assigned
to functional guild

We observed strong differences in fungal communities
within each depth along the soil profile, as well as
differences in the primary environmental variables as-
sociated with these changes (Fig. 3; Table 4). These
observations agreed with those of a previous study
(Wang et al. 2019), in which, decreased bacterial abun-
dance and nutrient availability were observed with soil
depth in a semiarid grassland. It is reasonable to consid-
er that the observed differences along the soil profile
could be attributed to the changes in plant diversity and
biomass, and soil nutrients, which may have caused
changes in the available substrates for microorganisms.
Similar to other studies (Kramer and Gleixner 2008),
soil C and N contents were associated with fungal
composition changes, and their effects were correlated
with plant biomass (above- and belowground), which
was a main source of soil C and N. Furthermore, there
were no significant changes in fungal diversity below
20 cm, possibly indicating that fungi in deeper soil
might be more adaptable to changing environmental
conditions (e.g., nutrient input, porosity, and pH) (Angst
et al. 2016; Rumpel and Koegel-Knabner 2011). De-
creased variability in fungal communities in the soil
profile has been reported by Mushinski et al. (2018),
who found that significant changes in the diversity of
fungal functional groups only occurred in the surface
soil (up to 30 cm) after organic matter removal. Other
researchers also found differential distribution of fungal
communities with soil depth in different ecosystems
(Sun et al. 2018a; Wang et al. 2019). These results
probably indicated the niche differentiation of fungi to
adapt to changeable soil conditions and are a manifes-
tation of the interaction between microbes and soil.
Future studies concerning microbial communities
should focus on the deeper soil layers.

Conclusions

Our results indicated that the destocking in semiarid
grasslands increased the diversity of plant pathogens,
wood saprotrophs, and AMF, while it decreases the di-
versity of animal pathogens and dung saprotrophs. The
effect of destocking on the composition of fungal com-
munities differs according to soil depth, with a greater
effect in the near-surface layers (010 and 10-20 cm).

@ Springer

Plant communities have a greater effect on the diversity
of plant pathogens, animal pathogen, dung saprotrophs,
and wood saprotrophs, while soil conditions (e.g., organic
C, NO3 -N, C:N ratio, and moisture) exerted a greater
effect on the diversity of AMF. Our results provide in-
sights into how the lengths of destocking and soil depth
influence fungal communities.
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