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Abstract

Aims Whether Arbuscular mycorrhizal fungi (AMF)
influence community composition by changing plant
adaptation to resource limitation remains unclear. This
study examined how AMF affect the biodiversity and
functional traits of plant functional groups in a shrub-
dominated community in Mu Us Desert.

Methods In a field experiment, mycorrhizae were sup-
pressed via benomyl to address how AMF alter the
adaptive strategy of plants and community structure in
a shrub-dominated community. The relationship be-
tween nutrient acquisition and proxies of growth and
reproduction of dominant plant functional groups
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(shrubs and perennial grasses) were determined using
a structure equation model.

Results The diversity and aboveground biomass of
plant functional groups were not affected by benomyl
treatment. Shrubs’ vegetative biomass responded neg-
atively to AMF owing to the nitrogen (N) limitation
induced by phosphorous (P) increase, whereas a pos-
itive response in reproduction was related to foliar
carbon (C) accumulation for drought tolerance. The
abundance and height of perennial grasses varied
with AMF, and it was correlated with foliar P and
N contents.

Conclusions Different local adaptive strategies of
shrubs and perennial grasses were associated with
AMF through the regulation of plant nutrient acquisi-
tion. The link between AMF and plant adaptation high-
lights a potential mechanism underlying plant commu-
nity dynamics in the resource-limited desert ecosystem.

Keywords Arbuscular mycorrhizal fungi -
Artemisia ordosica - Plant community structure -
Growth and reproduction - Plant tissue stoichiometry

Abbreviations
AMF Arbuscular mycorrhizal fungi

ANPP  Aboveground net primary productivity
AS Annual species

C Carbon

CYT Current-year twig

N Nitrogen

NMDS  Non-metric multidimensional scaling

OTU Operational taxonomic unit
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P Phosphorus
PF Perennial forbs
PG Perennial grasses

SEM Structure equation model

Introduction

Arbuscular mycorrhizal fungi (AMF) form symbiotic
associations with the roots of most plants in terrestrial
ecosystems (Smith and Read 2008), and significantly
contribute to soil carbon (C) cycling and nutrient reten-
tion (Phillips et al. 2013; Van der Heijden 2010; Wilson
et al. 2009). This symbiosis influence plant growth and
community processes by regulating plant nutrient acqui-
sition, resistance to pathogens, and tolerance to water
deficit (Biicking and Kafle 2015; Delavaux et al. 2017,
Smith and Smith 2011). The nutrient uptake and stress
tolerance via mycorrhiza are considered particularly
crucial for plant survival in semiarid ecosystems, which
are characterised by pronounced nutrient deficiency and
water stress (Asmelash et al. 2016; Smith et al. 2010).
However, it remains unclear how the plant—AMF sym-
biosis affects plant adaptation (growth, reproduction,
and survival) and community structure, particularly in
desert shrublands.

Mycorrhizal fungi can influence plant community
composition (Klironomos et al. 2011; Van der Heijden
etal. 1998). The effect of AMF on plant diversity can be
negative (Hartnett and Wilson 1999; O’Connor et al.
2002), neutral (Yang et al. 2014), or positive (van der
Heijden et al. 1998), depending mainly on the respon-
siveness of different species or functional groups within
the plant community to mycorrhiza (Janos 2007; Lin
et al. 2015; Urcelay and Diaz 2003).

The effect of AMF on plant species varies among plant
functional groups (Hoeksema et al. 2010; Johnson and
Graham 2013). There is evidence that dicotyledonous
plants generally benefit more from mycorrhiza than
grasses, C,4 grasses more than Cs grasses, and leguminous
plants more than non-leguminous plants (Hartnett and
Wilson 1999; Hoeksema et al. 2010; Johnson and
Graham 2013). The response of woody species to AMF
is more favourable than that of grasses and forbs, probably
because woody plants are relatively slow-growing and
less dependent on mycorrhiza (Yang et al. 2016). Howev-
er, although some studies have reported association of
AMF with grass, herb, and shrub species in the semi-
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arid areas of northern China (Bai et al. 2009; Chen et al.
2012; He et al. 2010), how AMF influence plant function-
al groups and community structure remains unclear.

Because AMF significantly affect plant nutrient up-
take, they influence plant growth and survival
(Asmelash et al. 2016; Smith and Read 2008; Smith
et al. 2010). It is usually considered that AMF can
promote plant growth by increasing the uptake of nutri-
ents, primarily nitrogen (N) and phosphorous (P) (Smith
and Read 2008; Van der Heijden et al. 2015). However,
numerous studies have reported that AMF inhibit or do
not affect plant growth (Smith and Smith 2011; Smith
et al. 2004). Some studies suggested that the effect of
AMF depends on plant and soil stoichiometry (Johnson
2010; Van der Heijden et al. 2015). Other research
indicated that AMF sometimes act as ‘cheaters’ (Kiers
et al. 2011). For example, symbiotic AMF can obtain a
large amount of photosynthetic C from the host plant
while providing little benefits to the host (Smith and
Smith 2011; Van der Heijden et al. 2015; Werner et al.
2018). Despite observations of AMF effects on plant
growth and nutrient uptake (Smith and Smith 2011),
whether AMF can affect adaptive strategies (trade—off
among growth, reproduction, and survival) of plants by
altering nutrient absorption in diverse plant functional
groups has not yet been tested.

In semi-arid regions, in which nutrient and water
availability are co-limiting, distinguishing the relation-
ship between plant nutrition and AMF, as well as plant
functional traits as a proxy of plant adaptation are es-
sential to understand the plant—soil interaction. The
southwestern edge of the Mu Us desert is a representa-
tive transition zone between arid and semi-arid climates
and between desert shrubland and grassland ecosystems
(Jia et al. 2014). In this region, nutrient availability is
often limited, and AMF can play a central role in re-
source assimilation under stress conditions (Xu et al.
2014). In the present study, we aimed to evaluate the
symbiotic relationships between plants and AMF in a
shrub-dominated community, and to examine whether
plant—AMF interaction is a critical driver in mediating
plants’ adaptive strategies. We addressed here the fol-
lowing two questions: (1) how AMF affect plant diver-
sity and adaptive strategies in a shrub-dominated com-
munity in a resource-limited desert; and (2) how AMF
shape the growth-reproduction trade-off of plants by
regulating plant nutrient acquisition. To answer these
questions, we performed a field experiment in the
shrub-dominated community in the Mu Us desert using
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benomyl to suppress AMF and evaluated the above-
ground biomass and diversity of the plant community,
as well as the correlations between plant nutrition and
growth performance of dominant plant functional
groups. We also assessed the potential role of AMF in
the shrub-dominated community dynamics.

Materials and methods
Study site

The experiment was conducted at Yanchi Research Sta-
tion, Ningxia, northern China, located on the southwest-
em edge of the Mu Us desert (37°42' N, 107°14' E,
1550 m above the sea level). The site is characterised by
a mid-temperate semi-arid continental monsoon climate
with mean annual temperature (1954-2004) of 8.1 °C
and mean annual rainfall of approximately 284.8 mm
(1955-2013; most of it falling during the period from
July to September) (Wang et al. 2014). The growing
season in the region lasts from May to September. The
soil type is quartisamment, according to the US Soil
Taxonomy (Gao et al. 2014). Historically, this region
was covered in dry steppe, but since the 1980s it has
experienced desertification and overgrazing (Bai et al.
2018). In recent years, some ecological restoration and
rehabilitation programmes were introduced and the veg-
etation gradually recovered, being currently
characterised by extensive xeric shrubs and scattered
herbaceous plants. The dominant shrub is Artemisia
ordosica with Hedysarum mongolicum, Salix
psammophila and Caragana korshinskii maintaining
cover ranges between 30 and 70%. The dominant her-
baceous species are Leymus secalinus, Ixeris chinensis,
Setaria viridis, and Cynanchum thesioides (Table S1,
Supplementary Material).

Experimental design

Twenty plots, 5 m x 5 m each, were established in 10
blocks (each block was approximately 12 m x 8 m and
comprised two plots) at a lowland site before June 2017.
Each plot was separated from the others by 1-2 m. Plots
in each block were randomly assigned to one of two
treatments (fungicide treatment with benomyl or control
treatment without benomyl), each with 10 replicates.
Benomyl (Lanfeng Biochemical Co., Ltd. in Jingsu,
China), a general fungicide, is widely used to suppress

AMF in field experiments (Helgason et al. 2007; Jiang
et al. 2018; O’Connor et al. 2002; Yang et al. 2014;
Zhang et al. 2016). The fungicide treated plots received
benomyl as a soil drench (100 g of the active ingredient
in 165 L of water per plot every 2 weeks). The control
plots received 165 L of water per plot every 2weeks.
Treatments were applied simultaneously from June to
September (six times) 2017.

Plant sampling and analyses

The vegetative and reproductive twigs of A. ordosica
developed during the growing season enabled testing
the growth and reproduction of shrubs. A 1 mx1 m
quadrat was established in an A. ordosica patch within
each plot to assess the aboveground biomass of this
shrub. The dry mass of current-year twig (CYT) was used
as the proxy for shrub aboveground net primary produc-
tivity (ANPP), which was estimated by using an im-
proved non-destructive method (She et al. 2016). Briefly,
current-year vegetative twig biomass (Biomass,.,) and
current-year reproductive twig biomass (Biomassi)
were determined based on the length and number of the
vegetative and reproductive twigs [Biomass,eg = Nyeq X
(0.029 x L —0.052); Biomass,e,=N,ep* 0.0059 x
mel'493 , where N represents the twig number and L
denotes the average length of twigs in a patch]. The
number of twigs and length of 10 vegetative and repro-
ductive twigs were determined for random A. ordosica in
the patch. Shrub coverage was determined along three
parallel lines in each plot. The ANPP of the shrub was
determined using shrub patch biomass and coverage in
each plot.

The abundance and height of herbaceous plants were
measured in each 1 m x 1 m quadrat established within
each plot, and then averaged for each plant functional
group (annual species, AS; perennial grasses, PG; pe-
rennial forbs, PF) for use in later analyses. The above-
ground biomass of herbaceous plants was determined
by harvesting the plants at the soil surface within the
1 m x 1 m quadrat in each plot, sorting them by func-
tional groups, oven-drying at 80 °C for 48 h, and finally
weighing each functional group. Perennial grasses,
dominated by creeping grasses (L. secalinus), originated
from a single original rhizome, and their height and
abundance were expected to be proxies of growth and
reproduction. Because AS and PF were poorly repre-
sented, these groups were excluded from foliar and root
sampling as well as from further analysis.
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Simultaneously, the healthy leaves of the shrub
A. ordosica and perennial grass L. secalinus were sam-
pled, oven-dried at 80 °C for 48 h, and ground to analyse
total foliar C, N, and P concentrations. Carbon and N
concentrations were measured using a C/N analyzer
(vario EL cube CHNS Elemental Analyzer, Elementar
Analysensysteme GmbH, Germany), and P was deter-
mined using inductively coupled plasma - optical emis-
sion spectrometry (iCAP 6300 spectrophotometer, Ther-
mo Fisher Scientific, MA, USA). Three soil cores of
3.8 cm in diameter and 0—20 cm in depth were randomly
collected under shrubs and PG within each plot. The
roots were separated by plant functional groups (shrubs
and PG) according to their colour and shape in the soil
samples taken from each plot, split into two subsamples
with sterile tweezers, and stored at —20 °C for the
determination of AMF colonization and DNA extrac-
tion. All samples comprised 10 replicates, except for
root samples. However, given the workload resulting
from examining 10 replicates per sample and major
concern on treatment effectiveness, we only examined
five replicates per root sample per treatment, which were
sufficient for statistical analyses.

Assessment of AMF root colonization

To assess the effect of benomyl on AMF colonization,
root subsamples of shrubs and PG from each plot were
pooled into a mixed root sample; roots within this mixed
sample were cut into approximately 1-cm segments to
determine AMF root colonization. Root segments were
rinsed with tap water, cleared in 10% KOH (w/v) at 90 °C
in a water bath for 60 min, and then washed and stained
with 0.05% (w/v) trypan blue. Thirty root segments from
each mixed root sample were examined under 200 x
magnification to assess the percentage of the root length
colonized by AMF (Trouvelot et al. 1986).

DNA extraction, polymerase chain reaction,
and sequencing

Total genomic DNA was extracted from 0.25 g of each
root sample using the Power Soil DNA Isolation Kit
(MoBio Laboratories Inc., USA) following the manufac-
turer’s instructions. DNA concentration and purity were
monitored on 1% agarose gels. According to the concen-
tration, DNA was diluted to 1 ng/pL using sterile water.

Barcode primers ITS5-1737F (5'-GGAA
GTAAAAGTCGTAACAAGG-3') and ITS2-2043R (5'-
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GCTGCGTTCTTCATCGATGC-3") targeting the ITSI
regions of fungal rRNA genes were used to analyse the
fungal taxa (Schoch et al. 2012). All PCR reactions were
performed in a total volume of 30 uL containing 15 uL
Phusion® High-Fidelity PCR Master Mix (New England
Biolabs, Inc., USA), 0.2 uM of each primer, and 10 ng
template DNA. Thermal cycling involved an initial de-
naturation at 98 °C for 1 min; followed by 30 cycles of
denaturation at 98 °C for 10 s, annealing at 50 °C for 30's,
and elongation at 72 °C for 60 s; with a final extension at
72 °C for 5 min. PCR products were detected by 2%
agarose gel electrophoresis, and samples with bright main
strip between 400 and 450 bp were chosen for further
experiments. The mixed PCR products with equidensity
ratios was purified with Qiagen Gel Extraction Kit
(Qiagen, Inc., Germany). Sequencing libraries were gen-
erated using TruSeq® DNA PCR-Free Sample Prepara-
tion Kit (Illumina, Inc., USA) following manufacturer’s
recommendations and index codes were added. The li-
brary quality was assessed on the Qubit@ 2.0 Fluorom-
eter (Thermo Scientific, Inc., USA) and Agilent
Bioanalyzer 2100 system. At last, the library was se-
quenced on an IlluminaHiSeq2500 platform (Illumina,
Inc., USA) at Novogene (Beijing, China) and 250 bp
paired-end reads were generated.

Paired-end reads were assigned to samples based on
their unique barcode and truncated by cutting off the
barcode and primer sequence. Paired-end reads were
merged using FLASH (Mago¢ and Salzberg 2011),
which was designed to merge paired-end reads when at
least some of the reads overlap the read generated from
the opposite end of the same DNA fragment, and the
splicing sequences were called raw tags. Quality filtering
on the raw tags were performed under specific filtering
conditions to obtain the high-quality clean tags (Bokulich
etal. 2013) according to the QIIME (V1.7.0, http://qiime.
org/index.html) quality-controlled process. The tags were
compared with the reference database (Unite Database,
https://unite.ut.ee/) using UCHIME algorithm (Edgar
et al. 2011) to detect chimera sequences, and then the
chimera sequences were removed. Then the Effective
Tags were finally obtained. Sequences with > 97% sim-
ilarity were assigned to the same OTUs by Uparse soft-
ware (Uparse v7.0.1001, http://driveS.com/uparse/).
Representative sequence for each OTU was screened
for further annotation. For each representative sequence,
the Unite Database (https://unite.ut.ee/) was used basing
on Blast algorithm which was calculated by QIIME
software (Version 1.7.0) to annotate taxonomic
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information. Abundance information of OTUs were
normalized using a standard of sequence of sequence
number corresponding to the sample with the least
sequence for alpha diversity and beta diversity analysis.

Statistical analysis

To estimate the effect of benomyl treatment on the root
—associated fungal community of shrubs and perennial
grasses, the dissimilarity of a fungal community under
various treatments was computed by non-metric multidi-
mensional scaling (NMDS) with Bray—Curtis distance
using ‘metaMDS’ function in package ‘vegan’
(Oksanen 2015). The effect of treatment on fungal com-
munity composition was evaluated by permutational
multivariate analysis of variance (PERMANOVA) using
‘adonis’ function in ‘vegan.” To determine the fungal
groups (Arbuscular mycorrhizal fungi, Plant endophyte,
Plant pathogen, Animal Pathogen, Saprotroph, and
Others) whether were affected by benomyl treatment,
FUNGuild v1.0 (http://www.stbates.org/guilds/app.php)
was used to identify the fungal functional guilds (Nguyen
et al. 2016).

ANOVA was used to analyse the effect of the
treatment on root colonization, fungal functional
guilds richness, and plant performance, such as
shrub’s twigs (twig biomass, density, and length),
herbaceous aboveground biomass and plant diversi-
ty (Shannon-Wiener, Simpson, and Pielou index),
and foliar nutritional status (C, N, and P concentra-
tion). Plant diversity was calculated with abundance
of herbaceous species in “vegan” package. The
block was analysed as a random factor. Before the
analysis, all data were tested for homogeneity of
variances using Levene’s test and the assumption
of normality using Kolmogorov—Smirnov test, and
data were log-transformed to meet the assumption.
The non-parametric Kruskal-Wallis test were used
for data as it did not fulfil the required conditions.
To illustrate the mycorrhizal function that determine
by nutrient, such as N and P, the mycorrhizal re-
sponse (that is, the response of plant to AMF) was
calculated by using a simple response ratio as log.
(AM/NM) (Johnson 2010), where AM was the val-
ue of mycorrhizal plants and NM was mean value
of a nonmycorrhizal treatment (Johnson 2010;
Johnson et al. 2015; Yang et al. 2018). We exam-
ined the mycorrhizal response in terms of functional
traits per plant functional groups (twig length,

density and biomass for shrubs; height and abun-
dance for herbaceous plants; as well as foliar nutri-
ent concentration for shrubs and perennial grasses).
Student’s t test was applied to determine whether
the log response ratio was significantly different
from zero. A mycorrhizal benefit existed when the
mycorrhizal response was significantly higher than
zero, negative when significantly less than zero, and
neutral when no significantly different from zero.
Modified Thompson Tau test (delta=0.01) were
used to reduce the influence of outliers.

Given the possible effect of AMF presence (control
treatment) and suppression (benomyl treatment) on
plant nutrient acquisition and plant growth performance,
we used structural equation model (SEM) to evaluate
the relationship between plant tissue nutrient concentra-
tion (foliar N, C, and P concentration) and performance
of shrubs (vegetative and reproductive biomass) as well
as PG (height, abundance, and aboveground biomass).
Our a priori model is shown in Supplementary Material
Fig. S1. The AMF manipulation (control and benomyl
treatment) was set as categorical exogenous variables
with two levels: 1 and 0 (Grace 2006). Model adequacy
was determined through Chi-square test (x%; the model
has a good fit when 0 <x*/ df<2 and 0.05<P<1.00)
and the root square mean error of approximation
(RMSEA; the model has a good fit when 0 <RMSEA
<0.05 and 0.10<P<1.00) (Schermelleh-Engel et al.
2003). To aid with the final interpretation of the SEM,
standardized total effects of the AMF and plant nutrient
on plant biomass were calculated. The SEM was con-
ducted with ‘lavaan’ package. All analyses were per-
formed in R software (R Core Team 2017).

Results

Root colonization, fungal community, and AMF
richness

Field treatment of AMF with benomyl significantly
decreased AMF root colonization (Fig. la; F'=38.66,
P=0.002) by approximately 40% relative to control
treatment. The Illumina sequencing yielded 1,571,275
sequences for the 20 root samples, and 1,474,843 se-
quences (93.86% of all reads) were identified as fungal
sequences (AMF, 1769 sequences). These fungal se-
quences were binned into 889 operational taxonomic
units (OTUs) (AMF, 76 OTUs). The non-metric
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Fig. 1 AMEF root colonization in different treatments (a), and
NMDS patterns of community dissimilarities among treatments
and plants determined using data on fungi OTU richness (b). The
whiskers indicate the interquartile range. Solid and dashed ellipses

multidimensional scaling (NMDS) ordination of the
fungal OTUs revealed that root-associated fungal com-
munity composition was significantly affected by the
benomyl treatment (Fig. 1b, R°=0.184, P=0.036 for
treatment; R’ = 0.162, P=0.061 for plant functional
groups). Furthermore, the analysis of fungal ecological
guilds using information retrieved from the FUNGuild
database revealed that the Guild sequence richness of
AMF in plant roots was reduced by the benomyl treat-
ment (Fig. 2b, F = 6.57, P=0.025 for treatment; F'=
5.75, P=0.034 for plant functional groups), but OTU
richness did not change (Fig. 2a; F=0.899, P=0.363).
Both sequence and OTU richness of other fungal
groups (Plant Pathogen, Plant Endophyte, Saprotroph,
Animal Pathogen and Others) were not significantly
affected by the benomyl treatment (Fig. 2, all P>0.05
for treatment).

Twig length and density and current-year biomass
of shrubs

The benomyl treatment did not affect the total CYT
biomass (Table 1, F=0.657, P=0.439). However, the
twigs of shrubs were altered differently by the benomyl
treatment when vegetative and reproductive twigs were
evaluated separately. The fungicide treatment increased
the proportion of reproductive biomass (Table 1, F'=
8.958, P=0.015), but significantly decreased the bio-
mass and proportion of biomass of current-year
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vegetative twigs (Table 1, F=5.218, P=0.048; F =
8.958, P=0.015). The length and density of vegetative
and reproductive twigs were not significantly shifted by
the benomyl treatment (Table 1, all P> 0.05). Although
reproductive twig weakly responded to AMF (Fig. 3,
t=1.648, P=0.134 for twig length; 1= 0.862, P=0.411
for twig density, and t=1.416, P=0.191 for CYT bio-
mass), the response of both types of twigs was different.
The vegetative twigs of the shrubs responded more
negatively to AMF than the reproductive twigs (Fig. 3,
t=—2.253, P=0.051 for twig length; t=—2.097, P=
0.065 for twig density; and t=— 2.95, P=0.016 for
vegetative biomass). The proportion of vegetative bio-
mass negatively responded to AMF (Fig. 3d, t =—
2.511, P=0.033), while reproductive biomass positive-
ly responded to AMF (Fig. 3d, t=2.402, P=0.04).

Aboveground biomass, plant diversity, abundance,
and height of herbaceous plants

The benomyl treatment did not affect the total plant
biomass (Table 1, x*=0.091, P=0.762) and plant di-
versity index (Table 1, X2 =0.966, P=0.326 for Shan-
non—Wiener; F'=1.463, P=0.226 for Simpson; F =
1.178, P =0.306 for Pielou evenness) of the herbaceous
plants. The aboveground biomass of AS, PF, PG, and
total herbaceous plants were not affected by the beno-
myl treatment (Table 1, all P>0.05). However, re-
sponses to AMF in terms of height and abundance were
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different across plant functional groups. The heights of
AS and PG positively responded to AMF (Fig. 4, t=

6.648, P<0.001, and +=9.512, P<0.001, respective-
ly), but PF height and PG abundance were marginally
negatively affected by AMF (Fig. 4, t=— 2.055, P=

0.07,and t=—2.124, P =0.063, respectively); the abun-
dance of AS and PF was not changed (Fig. 4, r=—0.08,
P=0.94, and r=—1.681, P=0.127, respectively).

Plant nutrient status

Foliar P concentration of both shrubs and PG was sig-
nificantly reduced by the benomyl treatment (Table 1,
F=21.076, P<0.001; and F=76.22, P<0.001,
respectively) while their foliar C and N concentrations
showed a very different response to the treatment. The
benomyl treatment increased foliar N concentration of
PG (Table 1, X2 =12.728, P<0.001) and marginally
reduced the foliar C concentration of the shrub
(Table 1, X2=3.158, P=0.076), but no significant

difference was detected in the foliar N of shrubs and
foliar C of PG (Table 1, F=0.012, P=0.914, and F =
0.0, P=0.995, respectively). The foliar C and P of
shrubs and foliar P of PG positively responded to
AMF (Fig. S2, t=4.591, P=0.001; +=8.018,
P<0.001; t=5.506, P<0.001, respectively), whereas
the foliar N of PG negatively responded to AMF (Fig.
S2,t=—122.642, P<0.001). The responses of the foliar
N of shrubs and foliar C of PG to AMF were not
detected (Fig. S2, t=— 0.275, P=0.789; t=— 0.019,
P=0.985).

Correlations among plant nutrient status and plant
biomass, growth, and reproduction

The SEM explained 87% and 65% of the variance in
aboveground biomass of shrubs and PG, respectively,
and provided a good fit based on the x* test and Root
Mean Square Error of Approximation (RMSEA) (Fig. Sa,
x> =4.415, P=0.882, RMSEA =0.0, P=0.898 for
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Table 1 Summary of ANOVA (F-statistics) or non-parametric Kruskal—Wallis tests (Xz—statistics) for plant aboveground biomass, diversity,
and foliar nutrient concentration

Variables Statistics P value Ctr (mean + SE) Bnm (mean + SE)
Shrub growth performance
Lengtheg) (cm) F i 9=2.055 P=0.185 15.217+0.86 17.023 £1.236
Lengthyp,) (cm) F o= 3441 P=0.097 # 17.131+£0.49 16.239+0.65
Density(veg) (/m?) F i ¢=23.704 P=0.086 # 314 +63.299 387 +65.895
Density (rep) (/m>) Fi 9= 1.109 P=1032 151 +£25.366 115+£20.373
Biomass yeg) (g/m?) F i ¢=5218 P=0.048 * 116.536 +19.741 164.795+£28.526
Biomassrep) (g/m?) Fi9=12384 P=0.157 62.908 +12.07 42.013+£6.954
Biomass oar) (g/m?) F i 9= 0.657 P= 0439 179.445 £24.348 206.807 £29.084
Proportion of biomassyeg) (%) F ¢=28958 P=0.015* 0.64 1£0.051 0.779+£0.038
Proportion of biomass ) (%) Fi 9= 8958 P=0.015* 0.359+0.051 022 1+0.038
Herbaceous plant diversity
Simpson x?1=1463 P=0.226 0.689+0.025 0.586+0.053
Shannon Wiener X’ 1=0.966 P=0.326 1.319+0.058 1.127+0.018
Pielou evenness F i ¢=1.178 P=0.306 0.859+0.107 0.748 £0.057
Herbaceous plant biomass
Annual species (g/m?) Fi 9=2422 P=0.154 7.734+2.79 3.454+1.434
Perennial grasses (g/m?) Fi9=1.629 P=0.234 10.205+1.456 12.814+£3.007
Perennial forbs (g/mz) Fio=10634 P= 0446 10.573 £2.526 16.539 +£5.725
Total herbaceous plants (g/m?) x> 1= 0.091 P=0.762 29.247+3.403 32.807 £6.838
Foliar nutrient concentration
Shrubs C (g/kg) x°1=3.158 P=0.076 # 489.886+0.534 487.438+1.114
N (g/kg) F 1 9=0.012 P=0914 29.551+0.846 29.667 £0.563
P (g/kg) F i 9=21.076 P=0.001 ** 3.097+£0.093 2.403+£0.148
Perennial grasses C (glkg) Fi9=00 P=0.995 461.009 £2.132 462.414 £1.649
N (g/kg) o1 = 12.728 P < 0.00] sk 22.581+0.12 26.059+£0.729
P (g/kg) F i ¢=7622 P < 0.00] ek 1.74+0.049 1.456 £0.045

Ctr, control treatment; Bnm, benomyl fungicide; #, P <0.1; *, P<0.05; **, P<0.01; *** P<0.001; n=10

shrubs; Fig. 5b, x” =8.525, P=0.384, RMSEA =0.057,
P=0.422 for PG). In shrubs, the biomass of vegetative
and reproductive twig showed significant correlations
with the foliar P and C contents, which were affected
by AMF (Fig. 5a). Remarkably, the increased foliar P
content of shrubs due to AMF reduced the positive effect
of the biomass of vegetative twigs on ANPP, whereas an
increase in the foliar C content promoted the effect of the
biomass of reproductive twigs on ANPP. The standard-
ized total effects derived from the SEM revealed that the
ANPP of shrubs was mainly driven by vegetative bio-
mass and foliar P, followed by reproductive biomass and
foliar C (Fig. 5c). The effect of foliar P and C on the
ANPP of shrubs tended to counterbalance each other
(Fig. 5a). The abundance of PG showed a significant

@ Springer

and positive correlation with aboveground biomass,
whereas foliar P and N concentrations were positively
and negatively associated with AMF, respectively (Fig.
5b). Particularly, increases in the foliar P concentrations
of PG enhanced the positive effect of the abundance of
PG and the negative effect of the height of PG on above-
ground biomass, whereas reduced foliar N concentrations
decreased the positive effect of PG abundance on above-
ground biomass. The standardized total effects derived
from the SEM revealed that the aboveground biomass of
PG was mainly driven by the abundance and height of
PG, followed by foliar P and foliar N concentrations (Fig.
5d). The effects of foliar P and N concentrations on the
aboveground biomass of PG tended to counterbalance
each other (Fig. 5b).
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Discussion

AMF affect the growth performance of shrubs
and herbaceous plants

The benomyl treatment did not affect the ANPP of shrubs
but differently affected the proportions of vegetative and
reproductive biomasses (Table 1, Fig. 3), suggesting that
AMF contributes to regulate the vegetative-reproductive
trade-off of shrubs by restraining vegetative growth and
promoting reproduction. In a desert ecosystem, charac-
terized by water and nutrient deficiencies, AMF might
perform other functions in shrubs, such as resource cap-
ture and drought resistance (Aguilar-Trigueros et al.
2017; Augé 2004) by allocating host photosynthates to
mycorrhiza for nutrient and water uptake (Smith and
Read 2008; Smith et al. 2010), which results in the
depression of vegetative growth. Although AMF not
always benefit plant vegetative growth, they contribute
to stress resistance or root exudates in adverse conditions
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interval. Red points indicate a significant response to AMF. #,
P<0.1;* P<0.05;n=10

by trading off plant growth (Smith and Read 2008; Smith
et al. 2009; Vannette and Hunter 2011). Recent studies
have shown that plant reproductive and vegetative traits
are correlated to mycorrhizal colonization (Grilli et al.
2013; Koide 2010). The uptake of limiting resources via
mycorrhiza might promote vegetative and reproductive
structures (Koide 2010; Smith and Read 2008). However,
a study along a gradient of forest fragmentation demon-
strated the negative effect of AMF on vegetative and
reproductive outputs, probably because ruderal plants
(Euphorbia acerensis and Euphorbia dentata) with a
short life history and high efficiency in acquiring avail-
able nutrients rarely depend on AMF for plant adaptation
(Grilli et al. 2013). Our results suggest that, this might be
the case in our ecosystem, where growth and reproduc-
tion trade-off in the plants associated with AMF. The
relationship between the allocation of resource to growth
and reproduction in plants reflects adaptive strategies
based on drought avoidance and competition, respective-
ly (Ravenscroft et al. 2014). The results of foliar nutrient
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at the 95% confidence interval. Red points indicate a significant
response to AMF. #, P<0.1; *, P<0.05; *** P<0.001; n=10

analyses in the shrub A. ordosica also support this find-
ing, as AMF promoted P uptake inducing lower N/P
ratios and reduced resource allocation to vegetative
growth, and increased C accumulation and the allocation
of resource to reproduction; both strategies are expected
to contribute to plant drought tolerance (Table 1; Fig. 5a;
Fig. S2a,b).

Recent studies have suggested that the effect of AMF
on plant growth and reproduction is linked to succes-
sional traits of the plants (Koziol and Bever 2015,
2017). The early successional species are less respon-
sive to mycorrhizal fungi and there is massive resource
allocation to reproduction to rapidly colonise disturbed
lands (Koziol and Bever 2015). In the Mu Us desert,
A. ordosica is pioneer for ecological rehabilitation on
bare sand, and it actively facilitates the establishment of
the herbaceous community in the early stages of succes-
sion (Bai et al. 2018). In the present study, we hypoth-
esized that AMF regulated the allocation of resources to
vegetative growth and reproduction in A. ordosica for
stress resistance in the early stages of succession. This

@ Springer

hypothesis was supported by a meta-analysis study,
which suggested that early successional plants associat-
ed with AMF could rapidly colonise of disturbed lands
with substantial resource allocation to reproduction (Van
Kleunen et al. 2010). Our results indicate that AMF
might facilitate the shrub establishment in the desert
environment, leading to a successful ecological rehabil-
itation due to cooperation of the aboveground and be-
lowground biotic interactions in a resource-limited en-
vironment. However, we do not have a direct test of
whether AMF influence species colonisation in the early
successional stages. Further work is needed to assess the
relationship between AMF and plant species along suc-
cessional stages.

In the present study, the benomyl treatment did not
significantly altered the aboveground biomass and di-
versity of herbaceous plants (Table 1, Fig. 4). However,
our results indicated different responses to AMF in
terms of the height and abundance of the plant func-
tional groups (AS, PG, and PF). Although AMF in-
creased the height of PG, it slightly reduced the abun-
dance of this functional group resulting in non-
significant changes in its aboveground biomass
(Table 1, Fig. 4). Given the intrinsic low height of AS
and PF, change in their heights did not induce differ-
ences in the aboveground biomass (Table 1, Fig. 4). In
addition, the increased height of AS and slightly re-
duced height of PF probably led to non-significant
changes in the aboveground biomass of herbaceous
plants (Table 1, Fig. 4). Several studies have indicated
that the effect of AMF on plant community diversity
and production depends on the particular response of a
specific species or functional group to AMF (Hartnett
and Wilson 1999; Urcelay and Diaz 2003; Van der
Heijden 2004). For example, mycorrhizal responsive-
ness of target and neighbouring plant species can de-
termine the effect of AMF on the competitive outcome
of plant species; this, in turn, affects plant species
diversity and community composition (Klabi et al.
2014). When there are compensatory effects of AMF
on plant functional groups, plant community diversity
and productivity are likely maintained. For example, a
recent field study in a grassland ecosystem of the Inner
Mongolian steppe, suggested that suppressing AMF
does not affect plant productivity and diversity due to
compensatory effects between C; grasses and non-Nj-
fixing forbs (Yang et al. 2014). Our results partly sup-
port this relationship in terms of the height of plant
functional groups.
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Fig.5 Structural equation model (SEM) identifying the direct and
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Inconsistently with previous studies where the rela-
tionship between AMF and AS was negative or neutral
(Hoeksema et al. 2010; Lin et al. 2015), our results
suggest that the relationship between AMF and AS is
positive, and that the positive response observed in the
height of AS to AMF was due to the strong photosyn-
thetic capacity of this functional group dominated by
S. viridis (C4 grass, Jiang et al. 2013) when sufficient
quantities of C were provided to the AMF to maintain a
mutualistic relationship (Lin et al. 2015; Yang et al.
2016). The marginally negative response of PF height
to AMEF is probably related to this species having a
rhizome or alternative symbioses, such as legumes with
rhizobia, which probably inhibit AMF development
(Werner et al. 2018). In addition, except for the different
responses of plant functional groups to AMF in terms of
growth, we also found opposite effects of AMF on
different functional traits, such as height and abundance
of PG. Future studies should explore the relationship
between functional traits of different plants incorporat-
ing AMF and its determinants.

AMF FoliarP FoliarN Height Abundance

arrows indicate the effect size. R? denotes the proportion of vari-
ance explained. Colour arrows indicate positive or negative rela-
tionships. Biomass,e,, biomass of vegetative twigs of shrubs;
Biomass,p, biomass of reproduction twigs of shrubs. *, P <0.05;
#* P<0.01; *** P<0.001;n=10

Benomyl may present limitations because it sup-
presses non-target organisms (Fitter and Nichols
1988), such as pathogenic and saprotrophic fungi, but
these were not affected by the benomyl treatment in the
present study. Thus, we can exclude the potential influ-
ence of the pathogens and saprophytes on plant growth
and reproduction. Previous field studies have shown that
manipulation of AMF by benomyl could effectively
suppress AMF, despite having little influence on other
fungi (Helgason et al. 2007; Yang et al. 2014, 2018;
Zhang et al. 2016).

Relationships between nutrient uptake and growth
performance of shrubs and perennial grasses

The results of the current study show that AMF signifi-
cantly promoted foliar P acquisition in shrubs, which was
correlated with their reduced vegetative biomass (Fig. 5).
These results imply that AMF contributes to the excess
uptake of P by plants (Yang et al. 2014). Previous studies
also reported that AMF could promote plant P uptake via
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mycorrhizal hyphae by enhancing nutrient foraging abil-
ity, regardless of the soil conditions and mycorrhizal
responses (Helgason et al. 2007; Smith et al. 2011;
Smith and Smith 2011). Because AMF contributes
disproportionally more to P nutrition than to N nutrition
leading to lower N/P ratios (Fig. S2), we observed the
suppression of resource allocation to vegetative growth in
shrubs. The tissue N/P ratios of plants may be a useful
indicator of plant responsiveness to AMF (Johnson 2010;
Johnson et al. 2015; Hoeksema et al. 2010). Interestingly,
we found that AMF tended to increase the foliar C
assimilation of shrubs, thereby contributing to the alloca-
tion of resource to reproduction. AMF probably increased
plant water use efficiency or high-carbon content organic
matter in foliar tissues for stress tolerance (Smith and
Smith 2011; Zhu et al. 2012). It is possible that AMF
can eliminate one resource limitation, while inducing
another limitation, which results in plant stress leading
to the allocation of resource to reproduction (Johnson
2010; Koide 2010). Further work is required to test
whether AMF convert one resource stress to another,
influencing the trade-off between plant traits in different
functional groups under various environments.

In PG, foliar P concentration was also increased by
AMF, while N concentration was reduced (Fig. 5, Fig.
S2). Phosphate ions are often tightly bound to soil
particles and have low mobility (Schachtman et al.
1998). The increased surface area provided by a sym-
biotic mycelium facilitates P uptake (Smith and Read
2008; Smith et al. 2011). The contribution of AMF to
plant N nutrition is often negligible (Hodge and Storer
2015) or even negative (George et al. 1995) and de-
pends on soil conditions (Giovannetti et al. 2017). In
the present study, the reduced N absorption of PG due
to AMF was likely related to the competition for soil-
dissoluble N between AMF and grass roots. For ex-
ample, the concentration of N in the external hyphae
of AMF is 4-7 times greater than that of plant shoots
and at least 10 times greater than that of roots,
resulting in significant amounts of N immobilised in
mycelia (Hodge et al. 2010). The SEM showed that
increased foliar P concentrations presented positive
correlations with the abundance and height of PG,
while reduced foliar N concentrations were negatively
associated with the abundance of PG, indicating that
nutrient uptake through AMF influenced plant func-
tional traits. The effect of increased foliar P concen-
tration due to AMF on the aboveground biomass
tended to counteract to the effect of reduced foliar N
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concentration due to AMF through abundance. The
PG associated with AMF tended to adopt a competi-
tive strategy by increasing individual growth rather
than population expansion.

Although we observed that AMF affected the plant’s
adaptive strategy by mediating nutrient uptake via the
mycorrhizal pathway in the Mu Us desert, other re-
searchers reported that AMF play a crucial role in regu-
lating water use strategy in such dry and nutrient-poor
environments (Augé 2004; Zhang et al. 2018). Further
attention should be dedicated to exploring the role of
AMEF in altering the water use strategy of plant functional
groups and in elucidating potential trade-offs between
nutrient and water use strategies mediated by AMF.

Possible effects of AMF on plant community dynamics

In the present study, the shrubs associated with AMF
were prone to an adaptive strategy with higher resource
allocation to reproduction for stress tolerance, whereas
PG preferred a competitive strategy based on individual
growth. We hypothesised that the strategies of plant
functional groups with different local adaptations via
AMEF probably drives this shrub-dominated community
dynamics (Fig. 6). As a pioneer shrub in the early
successional stage of bare sand land, A. ordosica asso-
ciated with AMF was characterised by stress avoidance
via nutrient uptake and growth trade—off, which led to
increased tolerance and rapid colonisation in the early
successional stage. This strategy enables the shrub to
provide shelter for herbaceous plants, facilitating their
subsequent growth (Bai et al. 2018). However, while PG
tended to show more competitive traits than tolerance
syndromes, the positive effects of the benefactor on its
beneficiary can result in negative feedback effects of the
beneficiary on the benefactor and reduced fitness of the
benefactor (Bai et al. 2018; Schob et al. 2014). In such a
habitat, the competitiveness of PG is probably increased
by AMEF, and this may induce a negative feedback effect
on the shrubs (Table S2). Additionally, the regeneration
of A. ordosica in later succession is limited by a thick
litter layer in later succession, especially from herba-
ceous and biological soil crusts, separating the shrub
seeds from the soil (Bai et al. 2018). Our results indicate
that AMF potentially help the shrubs colonise the bare
land during the early successional stage rapidly, but PG
associated with AMF probably caused the decline of
shrubs in a later successional community (Fig. 6). Al-
though we did not detect any changes in plant
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2. Strategy with growth allocation
3. Facilitation effect from shrub
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competetive strategy

Successional stages

Fig. 6 Conceptual diagram of the potential role of AMF in the
community succession from sand with few shrubs to one domi-
nated by grasses in a semi-arid desert ecosystem. The background

community composition and thus could not address
succession, the relationships between AMF and plant
functional groups, especially between shrubs and PG,
added to our knowledge for predicting plant community
dynamics. Long-term field experiments should test the
interaction between AMF and plant community from
early to late successional stages.

Conclusion

Overall, AMF manipulation did not change the above-
ground biomass and plant diversity of the shrub-
dominated community; however, the abundance and
height of plant functional groups (AS, PG, and PF)
responded differently to AMF. In particular, the growth
and reproduction of shrubs and PG were regulated by
AMF via altering nutrient uptake. Thus, the present study
revealed the link between AMF, nutrient uptake, and plant

of the three squares (top) from yellow to green represents the
increase of herbaceous plants

adaptation. Further, AMF might play an essential role in
driving the plant community dynamics via mediating the
adaptive strategies of shrubs and PG. More importantly,
the plant—AMF symbiosis is an important mechanism
underlying the plant—soil interaction in a resource-
limited desert ecosystem. Future studies should evaluate
the effects of AMF on various plant functional traits and
plant—plant interactions along environmental gradients.
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