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ever, the responses of AM fungal abundance to climate change are unclear. A global-scale meta-analysis was con-
ducted to investigate the response patterns of AM fungal abundance to warming, elevated CO, concentration
(eC0O,), and N addition. Both warming and eCO, significantly stimulated AM fungal abundance by 18.6% (95%Cl:
5.9%-32.8%) and 21.4% (15.1%-28.1%) on a global scale, respectively. However, the response ratios (RR) of AM fun-
gal abundance decreased with the degree of warming while increased with the degree of eCO,. Furthermore, in
warming experiments, as long as the warming exceeded 4 °C, its effects on AM fungal abundance changed from
positive to negative regardless of the experimental durations, methods, periods, and ecosystem types. The effects
of N addition on AM fungal abundance are —5.4% (—10.6%-0.2%), and related to the nitrogen fertilizer input rate
and ecosystem type. The RR of AM fungal abundance is negative in grasslands and farmlands when the degree of
N addition exceeds 33.85 and 67.64 kg N ha~! yr—!, respectively; however, N addition decreases AM fungal abun-
dance in forests only when the degree of N addition exceeds 871.31 kg N ha~! yr~. The above results provide an

meta-analysis
Ecological consequence

insight into predicting ecological functions of AM fungal abundance under global changes.
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1. Introduction

Arbuscular mycorrhizal fungi (AMF), colonizing the roots of over
80% of terrestrial plants species (Cotton, 2018), confer considerable
services to their host plants in exchange for photosynthetically derived
carbon such as promoting nutrient uptake (Smith et al., 2011; Thirkell
etal.,, 2016), pathogen resistance (Cameron et al., 2013), water relations
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(Auge, 2001), and heavy metal tolerance (Hildebrandt et al., 2007). Fur-
thermore, AMF can also extend beyond direct effects on host plants to
ecosystem mechanisms such as increasing crop yield (Zhang et al.,
2019), reducing soil erosion (Dodd et al., 2000), regulating plant diver-
sity (Bever et al.,, 2010; Yang et al., 2014), and affecting other soil biota
(Nuccio et al., 2013; Rillig et al., 2001; Zhang et al., 2017). AM fungal
abundance, indicating the number of AM fungi in microbial community,
can not only show the growth and metabolism of AM fungal commu-
nity, but also imply the growth of host plants and even the stability of
ecosystem (Cotton, 2018; Zhang et al., 2019). A low AM fungi abun-
dance is often accompanied by the lack of services provided by AM
fungi, inhibiting the growth of host plants. Conversely, a high AM
fungi abundance can promote host plant growth. Therefore, it is of im-
portant ecological significance to explore AM fungi abundance.

Since the industrial revolution, the anthropogenic activity-induced
increase in carbon dioxide (CO,) levels are from 280 to 400 ppm and
its concentration is predicted to further double by 2100 (Betts et al.,
2016; IPCC, 2013). Due to ongoing fossil fuel emissions, the
concentration of CO, in atmosphere is expected to rise from a current
value of 400 uL L™! to 700-1000 uL L~' by the end of this century
(Betts et al., 2016). Concurrently, the increased emissions of nitroge-
nous gases such as nitrous oxide, oxides of nitrogen and ammonia,
have led to large perturbations of the terrestrial N cycle (Galloway
et al.,, 2004; Phoenix et al., 2006). Additionally, it is estimated that be-
cause of greenhouse gas accumulation, global surface air temperature
will increase by 1.1-4.8 °C by the end of this century (Chen et al.,
2020; IPCC, 2013). Such the drivers of global climate change have pro-
found consequences on terrestrial ecosystems (Cotton et al., 2015).
However, although the responses of aboveground organisms to such
global climate changes have been extensively studied, relatively little
is known about the sensitivity and response pattern of AM fungal re-
sponses to these shifts (Weber et al., 2019). Considering a wide range
of distribution and multiple ecological functions of AM fungi (Han
et al., 2020), the responses of AM fungal abundance to the drivers of
global climate change will inevitably affect global carbon and nutrient
cycles, plant communities and considerable ecosystem processes
(Cotton, 2018; Han et al., 2020).

Currently, there is no consensus on how AM fungal abundance re-
sponds to such the drivers of global climate change although many
meta-analyses have been conducted to investigate such responses
(Cotton et al., 2015; Cotton, 2018; Dong et al., 2018; Han et al., 2020).
For instance, several studies suggested that effects of N addition on
AM fungal abundance are negative (Han et al., 2020; Treseder, 2004;
Zhang et al., 2018; Zhou et al., 2017), insignificant (Weber et al., 2019;
Egerton-Warburton and Allen, 2000) or positive (Eom et al., 1999;
Jefwa et al., 2006; Porras-Alfaro et al., 2007; Zheng et al., 2014; Kim
et al,, 2015). Same as N addition effects, inconsistent results of the ef-
fects of elevated CO, concentration on AM fungal abundance have
been also reported, including positive effects (Cotton et al., 2015;
Cotton, 2018; Becklin et al., 2016; Jakobsen et al., 2016; Dong et al.,
2018; Treseder, 2004 ), negative effects (Goicoechea et al., 2014) and in-
significant effects (Tang et al., 2006). Such various and even controver-
sial conclusions reflect the fact that previous studies often focus on AM
fungal abundance responses to a single driver but ignore the discrepan-
cies in experimental variables (such as experimental duration, experi-
mental methods), climate variables (such as mean average air-
temperature, mean annual precipitation) and especially relevant abiotic
and biotic variables (such as aboveground biomass, belowground bio-
mass, shoot and root dry weights). These disparities will hinder us
from understanding how the drivers of global climate change affect
AM fungal abundance. Filling up this critical knowledge gap will con-
tribute to predict the ecological consequences of changes in AM fungal
communities and forecast their implications on climate change
(Cotton et al., 2015; Cotton, 2018; Dong et al., 2018; Han et al., 2020).

Targeting this current knowledge gap and research needs, this paper
presents a comprehensive analysis to assess the responses of AM fungal
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abundance to the drivers of global climate change including warming,
elevated CO, and nitrogen addition. Specifically, the objectives of this
study are: (1) what are the response patterns of AM fungal abundance
to warming, elevated CO, and nitrogen addition? (2) What are the
most important relevant variables of the effects of warming, elevated
CO, and nitrogen addition on AM fungal abundance? (3) What are the
potential mechanisms behind the response patterns?

2. Materials and methods
2.1. Data source and extraction

Peer-reviewed works that conducted warming, elevated CO, and N
addition experiments and measured indices of AM fungal abundance
were searched using Web of Science (http://apps.webofknowledge.
com), Google Scholar (http://scholar.google.com/) and China National
Knowledge Infrastructure with English abstracts (http://www.cnki.
net) until June 2019. The search terms were ‘(AM fungi/AMF/arbuscular
mycorrhizal fungi) AND (climate change/global climate change/
warming/increasing temperature/elevated CO,/nitrogen addition/
nitrogen deposition/nitrogen fertilization) AND (terrestrial/soil/land)’.
We selected the searched papers by filtering following criteria: (a) the
study contained at least one of the target variables representing AM
fungal abundance, including neutral lipid fatty acid (NLFA), root
colonization, extraradical hyphal length density and spore density;
(b) ecosystem types, soil physicochemical properties, location, and cli-
mate were similar between controls and treatments; (c) the average
values and sample size (n) of the treatments and the controls could be
obtained; (d) among the standard deviation (SD), the standard error
(SE), and the coefficient of variation (CV), at least one of which was re-
ported; (e) experimental protocols, such as experimental method, ex-
perimental magnitude, experimental duration, and experimental
period were clearly described; (f) If there were multiple publications
reporting data from the same experiment, only the data from the
most recent study were selected.

In total, 75 published papers with 431 cases were included (Note
S1). For each study in our database, we extracted information on AM
fungal abundance. Measurements from different ecosystem types, loca-
tions, and experimental conditions within a single study were treated as
independent observations. If a study included multiple drivers of global
climate change, such as eCO, vs. eCO, plus N addition, were also re-
corded separately. If a study included multiple soil layers, only data
from the top soil layer were selected. In addition, available site and
experimental information, such as latitude, longitude, mean annual
air-temperature (MAT), mean annual precipitation (MAP), soil depth,
sampling date, ecosystem type, and growing season, were recorded.
Different experimental protocols such as experimental duration and de-
vice may introduce varied biases, we thus recorded the experimental
duration and device of each case study and treated it as an independent
variable. Based on the experimental duration of the collected data, we
classified the experimental duration into three categories, i.e., <1 year,
1-5 years, and >5 years, in this study. Also, we included studies using
devices such as open-top chamber (OTC), infrared heater (IH), green
house (GH), growth chamber (GC), cable, and field in warming experi-
ment. Furthermore, we recorded available vegetation and edaphic
properties (a total of 25 biotic and abiotic variables), such as microbial
biomass (MB), soil moisture (SM), soil pH, soil organic carbon (SOC),
soil total nitrogen (TN), soil total phosphorus (TP), aboveground bio-
mass (AGB), belowground biomass (BGB), root length (RL), total dry
weigh of the plant (TDW), total dry C content of the plant (TDCC),
total dry N content of the plant (TDNC), total dry P content of the
plant (TDPC), leaf C (LC), leaf N (LN), leaf P (LP), shoot dry weight
(SDW), shoot C (SC), shoot N (SN), shoot P (SP), root dry weight
(RDW), root C (RC), root N (RN), root P (RP), shoot-to-root ratio of
the plant (STR). We used the digitizing software GetData Graph Digi-
tizer 2.26.0.20 (http://getdata-graph-digitizer.com) to extract data in
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figures. When critical information was not reported in the paper, we
contacted the authors for clarification. Finally, we included 431 observa-
tions for AM fungal abundance in our dataset, with 62 under warming,
200 under eCO,, and 169 under N addition (Fig. 1).

2.2. Data analysis

The meta-analysis approach was used to determine the effects of the
drivers of global climate change on AM fungal abundance (Garcia-
Palacios et al., 2015; Hedges and Curtis, 1999; Groenigen et al., 2014;
Zhao et al., 2017; Chen et al., 2018; Han et al., 2020). The effects of the
drivers of global climate change on AM fungal abundance and relevant
biotic and abiotic factors were assessed by the response ratio (RR):

Xr

RR = In <X—C> =In (Xr)—In (Xc)

(1
where Xr are the mean values in treatment groups, including warming
groups, elevated CO, concentration groups and N addition groups, and
Xc are the control groups. The change in soil pH was calculated as
PHtreatment — PHcontrol (Tian and Niu, 2012; Han et al., 2020). The
variance (V) of each RR was calculated as below:

2 2
v STy 5 @
nTXT nCXC

where nr and nc¢ are the number of replicates; and St and Sc are the
standard deviations of means in treatment and control groups,
respectively. Some included studies reported the standard errors (SE)
or the coefficients of variation (CV), and they were transformed to
standard deviations (SD) according to the equation:

Science of the Total Environment 805 (2022) 150362

where n is the number of replicates and X is the mean value of a given
variable. In a few studies that none of SD, SE, or CV was given, SD was
assigned as 10% of the corresponding mean (Luo et al., 2006; Zhou
etal, 2017; Han et al,, 2020).

The weighted response ratio (RR++) and 95% confidence interval
(95% CI) were calculated the mixed-effects using the software MetaWin
(Version 2.1, Sinauer Associates, Inc. Sunderland, MA, USA). If the values
of 95% CI did not overlap with zero, the effects of the given global climate
driver were considered as significant (p < 0.05). To determine whether
the responses varied among groups, the between-group heterogeneity
tests (Qp tests) were performed. If Qg values were significant
(p < 0.05), the responses were significantly different among groups
(Liu et al., 2016). For each interpretation, the weighted response ratios
(RR++) and their 95% confidence intervals were back-transformed
and reported as percentage change following: (e®***+ — 1) x 100%.

The relative importance and correlation were used to assess the link-
ages between the response ratios of AM fungal abundance and climate
(including MAT, MAP), environmental variables (including ecosystem
type, growing season, soil depth, experimental duration and experi-
mental method). The relative importance of environmental variables
was calculated as the sum of Akaike weights for all the models including
this factor using the corrected Akaike's Information Criteria. Cut off was
set at 0.8 to distinguish between important and nonessential predictors
(Terrer et al., 2016; Feng and Zhu, 2019; Chen et al., 2020). The sum of
Akaike weights was calculated using the ‘glmulti’ and ‘MuMIn’ package
in R 3.6.3. The correlations of environment variables were calculated as
Spearman's rank correlation coefficient. This statistical significance was
set at p < 0.05. Linear regression and quadratic regression were per-
formed using Origin 2017. Shapiro-Wilk test was used to test data distri-
bution using SPSS 22.0.
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Fig. 1. Global distribution of the sites used in this meta-analysis. Red points represent warming experiments including 11 sites and 62 cases. Green points represent elevated CO,
experiments including 37 sites and 200 cases. Blue points represent N addition experiments including 45 sites and 169 cases. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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bias usually results in an overestimated response ratio of AM fungal
abundance to the drivers of global climate change since studies with
positive results are more frequently accepted than those with nega-
tive results (Dong et al., 2018). The funnel plot asymmetry test by
plotting standard errors against responses ratios of each observation
was performed to assess publication bias. The funnel plot was per-
formed using Origin 2017. However, research bias is a more trouble-
some issue since it originates from various sources (Gurevitch et al.,
1999; Dong et al., 2018). For instance, NLFA and root colonization
were used frequently to be the parameters for assessing AM fungal
abundance in previous research since they are relatively easy to as-
sess rather than because they are the most suitable parameters
(Alberton et al., 2005; Han et al., 2020). Moreover, the objects, the
methods and the experimental conditions of studies are subjectively
selected by researchers, also resulting in a potentially research bias
(Dong et al., 2018). To the best of our knowledge, until now, quanti-
fying research bias has been an arduous issue since no formula or
model could be fitted to predict research bias caused by human sub-
jectivity.

3. Results
3.1. Publication bias and data distribution

In our analysis, the publication bias among these 19 variable
datasets was taken into consideration, and the response ratios with
publication bias were corrected by the trim-fill method (Duval and
Tweedie, 2000). Fortunately, there was few publication bias in our
database after correcting as the funnel plot was symmetrical
(Fig. S1). The results of Shapiro-Wilk test showed that the data was
abnormal distribution (p < 0.05, Fig. S1), therefore Spearman's
rank correlation coefficient is suitable for analyzing the correlation
between variables in this study.

3.2. Effects of warming on AM fungal abundance

Warming significantly increased AM fungal abundance, with a
weighted response ratio of AM fungal abundance of 0.171 (95%Cl:
0.057-0.284) (Fig. 2). However, the responses of AM fungal abundance
were different among ecosystems types, but did not reach a statistical
significant level (p = 0.06) (Fig. 2a). Across ecosystems, grassland
(19.1%) and forest (18.7%) showed significant increases in AM fungal
abundance under warming, while shrub showed no response to
warming (Fig. 2). The response of AM fungal abundance to warming
also varied among experimental duration, but statistically insignificant
(p = 0.10). The AM fungal abundance significantly increased with an
experimental duration of medium-term (1-5 yr) but not experiments
with short-term (<1 yr) and long-term (>5 yr) in duration under
warming. Warming effects on AM fungal abundance were significantly
different among experimental season (p = 0.04). Both entire-year and
growing-season warming experiments significantly enhanced AM fun-
gal abundance, with an increase of 22.7% and 16.6% for entire-year
and growing-season warming experiments, respectively. Additionally,
warming methods affected the response of AM fungal abundance to
warming but statistically insignificant (p = 0.09). Warming using infra-
red heater significantly promoted the AM fungal abundance, but not
warming using green house and cable.

According to the results of model-averaged of the summed Akaike
weights, the degree of temperature increase is the only important vari-
able (Fig. 3a). The degree of temperature increase and the RR of AM fun-
gal abundance are significantly negatively correlated (Fig. 3b, p < 0.05).
Specifically, when the increased temperature is less than 4.14 °C,
warming will stimulate AM fungal abundance, and when the increased
temperature is greater than 4.14 °C, warming effects are negative
(Fig. 3b). Moreover, the RR of AM fungal abundance only fit with the
RR of AGB significantly (Fig. 4a, p < 0.05).
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3.3. Effects of eCO, on AM fungal abundance

Elevated CO, concentration significantly enhanced AM fungal abun-
dance, with a weighted response ratio of AM fungal abundance of
0.1943 (95%Cl: 0.1408-0.2478) (Fig. 2). The responses of AM fungal
abundance were all significantly different among ecosystems types,
duration, periods and methods (p < 0.01) (Fig. 2a). Across ecosystems,
eCO, had significant positive effects on AM fungal abundance in
grassland (15.2%) and forest (31.0%), whereas it had insignificant effects
on AM fungal abundance in farmland and shrub (Fig. 2). The response of
AM fungal abundance to eCO, also varied among experimental duration
(p <0.01). AM fungal abundance significantly increased by 14.5%, 35.1%
and 21.9%, respectively, with an experimental duration of short-term
(<1 yr), medium-term (1-5 yr) and long-term (>5 yr). Elevated CO,
concentration effects on AM fungal abundance were significantly
different among experimental season (p < 0.01). Both entire-year and
growing-period warming experiments significantly enhanced AM
fungal abundance, with an increase of 37.0% and 20.0% for entire-year
and growing-season warming experiments, respectively. Moreover,
experimental methods affected the response of AM fungal abundance
to warming statistically insignificant (p < 0.01). Elevated CO,
concentration using open-top chamber, green house, and growth cham-
ber significantly promoted the AM fungal abundance.

The model-averaged of the summed Akaike weights indicated that the
degree of CO, concentration increase is the most important variable
(Fig. 3a). Although MAP and the RR of AM fungal abundance are signifi-
cantly negatively correlated (p < 0.05), the effect of eCO, on AM fungal
abundance is always positive in our database regardless of MAP
(Fig. 3b). The correlation between the degree of CO, concentration
increase and the RR of AM fungal abundance is quadratic polynomial
(p < 0.05). Specifically, when the eCO, concentration is 60.27 ppm
higher than ambient atmospheric concentration, the effect of eCO, on
AM fungal abundance is positive, and when the eCO, concentration is
449.14 ppm higher than ambient atmospheric concentration, this
positive effect will reach the maximum (Fig. 3b). Furthermore, the RR of
AM fungal abundance increased closely with the RR of shoot N and
shoot dry weight significantly (Fig. 4b, p < 0.05).

3.4. Effects of N addition on AM fungal abundance

N addition decreased AM fungal abundance with a weighted response
ratio of AM fungal abundance of —0.0540 (95%Cl: —0.1123-0.0015), but
statistically insignificant (p > 0.05) (Fig. 2). Across ecosystems, forest
(17.1%) showed significant increases in AM fungal abundance under
warming, grassland (—23.2%) suggested significant decreases, while
shrub and farmland showed no response to N addition (Fig. 2). The re-
sponse of AM fungal abundance to warming also significantly varied
among experimental durations (p < 0.01). The AM fungal abundance sig-
nificantly increased with an experimental duration of short-term (<1 yr),
but significantly decreased with an experimental duration of medium-
term (1-5 yr), and not experiments with long-term (>5 yr) in duration
under N addition. Additionally, experimental methods affected the re-
sponse of AM fungal abundance to N addition significantly (p < 0.01). N
addition using open-top chamber significantly promoted the AM fungal
abundance, N addition using field experiment but not green house and
growth chamber significantly suppressed the AM fungal abundance.

According to the results of model-averaged of the summed Akaike
weights, the degree of nitrogen fertilizer input and the ecosystem
types regulated the RR of AM fungal abundance (Fig. 3a). MAP is related
with the RR of AM fungal abundance significant and positive (Fig. 3b,
p < 0.05). Mean annual precipitation 814.63 mm is set as the dividing
line to distinguish between positive and negative effects of N addition
on AM fungal abundance (Fig. 3b). Moreover, the RR of AM fungal abun-
dance increased closely with the RR of pH, shoot N, root N, and shoot dry
weight (Fig. 4b, p < 0.05), and furthermore promoted the fitness with
shoot-to-root ratio using quadratic fitting (Fig. 4b, p = 0.03).
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Fig. 2. Weighted response ratios of AM fungal abundance in response to warming, elevated CO,
nitrogen; AGB, above ground biomass; BGB, below ground biomass; RL, root length; TDNC, tota

and N addition. MB, microbial biomass; SM, soil moisture; SOC, soil organic carbon; TN, total
1dry N content; LN, leaf N; LP, leaf P; SDW, shoot dry weight; SC, shoot C; SN, shoot N; RDW,

root dry weight; RN, root N; RP, root P; STR, shoot-to-root ratio. The red, green and blue errors represent 95% confidence intervals (Cls) of weighted response ratios of warming
experiments, increase CO, concentration experiments and N addition experiments. If 95% CIs did not overlap zero, the effects of climate change on variables were considered
significant (p < 0.05, denoted by *). The numbers next to the error bar represent the sample sizes of observations. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

4. Discussion
4.1. Comparison with previous studies
This study summarizes the effects of warming, eCO,, and N addition

on AM fungal abundance within the globe, and further estimates the re-
lationship between AM fungal abundance and relevant variables under

global climate change. Positive effects of warming on AM fungal abun-
dance (Fig. 2, RR: 18.6%, 95%Cl: 5.9% to 32.8%) in this study are consis-
tent with previous regional and global studies (Cotton, 2018;
Heinemeyer and Fitter, 2004; Hodge et al., 2014); eCO, significantly
stimulated AM fungal abundance (Fig. 2, RR: 21.4%, 95%CI: 15.1% to
28.1%), consistent with earlier meta-analyses [+ 14.9% in the study con-
ducted by Dong et al. (2018), +47.0% by Treseder (2004)]. However,
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Fig. 3. Relative importance and correlations between the RR of AM fungal abundance and experimental and climate variables under the drivers of global climate change. Panel a suggested
thatred, green and blue columns represent the sum of Akaike weights of the RR of AM fungal abundance under warming, eCO, and N addition, respectively. Cut off (purple solid line) is set
at 0.8 to differentiate between important and nonessential variables. If the variable is important, we denoted by *. The importance is based on the sum of Akaike weights derived from
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figure legend, the reader is referred to the web version of this article.)

our results showed insignificant responses of AM fungal abundance to N
addition (Fig. 2, RR: —5.4%, 95%Cl: —10.6% to 0.2%), inconsistent with
Zhang et al. (2018) who indicated the negative and significant response
(RR: —24.4%, 95%Cl: —42.8% to —6.0%). This inconsistency may result
from three factors. First, our dataset included more indicators of AM
fungal abundance. In the research of Zhang et al. (2018), two indicators
of AM fungal abundance (NLFA standing for living AM fungi in soils and
root colonization representing the biomass of AM fungi in host roots)

were included, while in our meta-analysis, besides the above two indi-
cators, extraradical hyphal length density and spore density in soils
were also taken into account. Recent research implied that extraradical
hyphal length density and spore density in soils have been demon-
strated to be less affected by N addition than NLFA and root colonization
(Han et al,, 2020). Therefore, the negative effects of Zhang et al. (2018)
may result in overestimation. Second, the data on AM fungal abundance
in Zhang et al.'s (2018) meta-analysis is mainly derived from the N
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Fig. 4. Relationships between the response ratios (RR) of AM fungal abundance and its relevant biotic and abiotic variables under the drivers of global climate change. Panel a shows
Spearman's correlation coefficients between the RR of AM fungal abundance and its relevant biotic and abiotic variables under warming, eCO, and N addition. MA, AM fungal
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addition experiments. The experimental duration of more than one
month and a high level of N fertilizer input rate may lead to the overes-
timation of the negative effect of N addition on AM fungal abundance.
Our results implied that when the duration of N addition is less than
one month and N fertilizer input rate is less than 396.38 kgN
ha=!yr~! (Table S4), the RR of AM fungal abundance increased with
N fertilizer input rate. Third, our database included a total of 78 forests
covering 46.1% of all ecosystem types. Under N addition, the average
RR of AM fungal abundance forests was positive significantly (Fig. 2)
and the RR of AM fungal abundance in forests is negative when the N
fertilizer input rate exceeds 871.31 kg N ha=! yr—' (Table S4).

4.2. Relevant variables and their potential mechanisms

The consistent decrease in the RR of AM fungal abundance with the
degree of warming, in contrast to the positive effects reported from the
majority of similar warming studies (Compant et al., 2010; Heinemeyer
and Fitter, 2004; Hodge et al., 2014). Our results showed that under the

scenario of warming, the degree of warming was the most important
variable for the RR of AM fungal abundance (Fig. 3a), and the average
RR of AM fungal abundance and the degree of warming were negatively
correlated (Fig. 3b). Interestingly, we found that taking the degree of
warming as the X-axis and the RR of AM fungal abundance as the Y-
axis, the zero points of the fitting equation with an experimental dura-
tion of 1-5 years, more than 5 years were 3.92 °C, 4.19 °C, respectively;
the zero points of the fitting equation with an experimental ecosystem
type of grasslands and forests were 4.59 °C, 4.28 °C, respectively; the
zero points of the fitting equation with an experimental period of the
entire year and only growing periods were 4.59 °C, 3.91 °C, respectively;
the zero points of the fitting equation with an experimental method of
OTC and IH were 4.53 °C, 4.10 °C, respectively (Table S2); the zero
point of the fitting equation of the average effects of all warming cases
in our dataset was 4.14 °C (Fig. 3b). Therefore, in our meta-analysis,
the zero points of all significant fitting equations were around 4 °C,
which implied that in the warming experiments, as long as the degree
of warming exceeded around 4 °C, the effects of warming on AM fungal
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abundance changed from positive to negative regardless of the experi-
mental durations, methods, periods and ecosystem types. A possible ex-
planation is that slight experimental warming (less than 4 °C) will
change the structure and allocation of the AM hyphal network, with a
switch from more vesicles (representing storage energy in cooled
soils) to more extensive extraradical hyphal networks (representing
growth in AM fungi in warmed soils), increasing AM fungal abundance
(Hawkes et al., 2008) (Fig. 5a); however, when the AM fungi are ex-
posed to experimental warming of more than 4 °C, warming will de-
crease soil water availability, resulting in an imbalance of soil available
N:P owing to the greater mobility of the inorganic N (such as nitrate
and ammonia) compared to P (Wilson et al., 2016). Previous studies
demonstrated that the decline in soil available N:P harms AM fungal col-
onization (Wilson et al., 2016; Ostertag, 2001; Yoneyama et al., 2012).
Therefore, excessive warming (more than 4 °C) suppresses the AM fun-
gal abundance via decreasing soil water availability and soil available N:
P (Fig. 5b).
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Furthermore, our results also indicated that (1) warming stimulated
AM fungal abundance (RR: 18.6%, 95CI%: 5.9%-32.8%), accompanied by
the increased AGB (+4.2%) and BGB (+78.7%) (Fig. 2); and (2) AM fun-
gal abundance significantly correlated with AGB and BGB under
warming (Fig. 4a). This may be due that host plant growth benefits
from warming via elevating soil N availability and prolonging growing
season (Sherry et al., 2007; Chen et al., 2020; Lu et al., 2011; Takatoshi
and Anne, 2016; Zhang et al., 2015). Such benefit drives host plants to
allocate more C to AM fungi for improving N availability of host plants
(shown in Fig. 5¢, Heinemeyer and Fitter, 2004; Hodge et al., 2014; Shi
etal, 2017; Kim et al.,, 2015; Yang et al., 2013; Qin et al., 2020). Although
we found that AM fungal abundance is more relevant with AGB than
BGB (Fig. 4a), we cannot infer the relative importance of AGB and BGB
to AM fungal abundance since we collected 30 responses ratios of AGB
but only 6 response ratios of BGB under warming scenarios (Fig. 2).
Overall, warming has both positive effects (Fig. 5a, ¢) and negative ef-
fects (Fig. 5b) on AM fungal abundance. When the degree of warming
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is less than 4 °C, the positive effect will be greater than the negative ef-
fect.

Same as the warming experiments, the degree of eCO, concentration
is also the most important variable for the RR of AM fungal abundance
(Fig. 3a). Consistent with most previous studies, both positive effect of
eCO, on AM fungal abundance (Fig. 2, RR: 21.4%, 95%Cl: 15.1%-28.1%)
and a positive correlation between the RR of AM fungal abundance
and the degree of eCO, concentration (Fig. 3b) were found in our
study. Interestingly, the RRs of AM fungal abundance to eCO, of less
than 1 year, 1-5 years, and more than 5 years were +14.5%, +35.1%,
and +21.9%, respectively (Fig. 2). The mechanism of progressive nitro-
gen limitation (PNL) could explain these results. PNL describes the stim-
ulation of host plants and their AM fungal symbionts by eCO, leads to
increases in N sequestration in plant and SOM, eventually resulting in
a progressive reduction in soil N availability (Luo et al., 2004; Long
and Drake, 1991; Dong et al., 2018). ECO, accelerates the N immobiliza-
tion rates of host plants and their AM fungal symbionts, which depletes
the soil available N (Finzi et al., 2006). The decline in N availability con-
strains the eCO, fertilization effect on plant growth over longer
timescales, and optimal utilization strategy of mycorrhizal mutualistic
partners by plants lead to the mycorrhizal-induced PNL, which sup-
presses the positive responses of AM fungal abundance to eCO,
(Kummel and Salant, 2006; Alberton and Kuyper, 2009; Liang et al.,
2016; Dong et al., 2018). In detail, photosynthesis of mycorrhizal
plants is stimulated by eCO, in a short period, whereas the initial
stimulation of photosynthesis is reduced by prolonged exposure to
eCO, (Dong et al., 2018). Therefore, the less positive response of AM
fungal abundance to eCO, of more than 5 years than 1-5 years (Fig. 2)
may be attributed to downregulate photosynthesis, caused by the
prolonged eCO,-induced excess carbohydrate accumulation or de-
creased N content rather than the direct effect of eCO, (Dong et al.,
2018; Chapin et al., 1987).

Moreover, significant correlations between the RR of AM fungal
abundance and the RRs of shoot N, root N, shoot dry weight, and root
dry weight (Fig. 4b) were found in our study. These results may be at-
tributed that changes in CO, concentration would modulate the
allocation of nutrient and carbohydrate by host plants and their AM fun-
gal symbionts via altering the relative degree of nutrient and carbohy-
drate limitations in host plants (Becklin et al., 2016; Johnson, 2010).
Here, two potential mechanisms of such modulation have been pro-
posed (Fig. 5d and e). First, plant-fungal competition for resource in-
duced by eCO, drives the decline in shoot-to-root ratio of host plants,
increasing the AM fungal abundance (Fig. 5d). Under low CO,
concentration (340-400 uL L™'), AM fungi could promote CO,
assimilation of host plants by enhancing the nutrient uptake that is
necessary for host plants to maximize photosynthetic capacity
(Becklin et al., 2016). However, under high CO, concentration (It
refers to a CO, concentration higher than 540 ppm, but this critical
point varies depending on different host plants, for example, AM fungi
decreased the growth of T. ceratophorum plants but still increased the
growth of T. officinale plants at the CO, concentration of 1000 ppm),
the relationship between host plants and AM fungi shifts from coopera-
tion to competition for resource especially nutrients (Becklin et al.,
2016). Such plant-fungal competition would suppress the enhancement
of photosynthesis of host plants as well as constraining the response of
host plant growth to eCO,. The increased AM fungal abundance could
enhance the carbohydrate sink strength within host plants without
providing additional nutrient benefits, which results in the host plant
growth depressions (Becklin et al., 2016; Alberton et al., 2007;
Johnson, 2010). Such competition has been confirmed to be usually ac-
companied by a decline in shoot-to-root ratio of host plants because the
shoot-to-root ratio depends on nutrient and environmental conditions
and implies resource allocation strategy of host plants and their AM fun-
gal symbionts (Rogers et al., 1996; Dong et al., 2018; Klironomos et al.,
2005; Veresoglou et al., 2012). Our results that eCO, decreased shoot-
to-root ratio by 1.6% (Fig. 2) suggested more C allocation from host
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plants to AM fungi under the scenario of eCO,. Second, eCO,-induced
decreases in shoot N, while root N drives compensatory adjustments
of host plants to AM fungi (Fig. 5e). Two possible reasons could explain
the decline in shoot N and root under eCO,: (1) eCO, enhances
photosynthetic assimilation of host plants with more C and secondary
compound production, which dilutes the N contents of shoot and root
(Gifford et al., 2000; Kuehny et al., 1991; Loladze and Elser, 2011);
(2) host plants exposed to the eCO, atmosphere close stomas,
resulting in the decline in transpiration, which decreases the delivery
of mobile N to root and limits plant N acquisition that lags behind the ac-
celerated C acquisition (Mcdonald et al., 2002; Pozo et al., 2007). Thus,
declines in shoot N and root N under eCO, atmosphere due to
enhancement photosynthetic assimilation and decline in transpiration
elicit compensatory adjustments to increase the AM fungal abundance.
Compensatory adjustments include (1) increase in root mycorrhizal in-
fection, (2) change in root morphology and architecture, (3) better root
absorption capacity to nutrient, and (4) a higher nutrient-use efficiency
that can meet the increased nutrient demand of plant (Alberton et al.,
2005; Dong et al., 2018; Pang et al., 2006; Bassirirad et al., 2001).

Among the drivers of global climate change, the effect of N addition
on AM fungal abundance has received the most attention (Cotton,
2018). Our results suggested that both the experimental ecosystem
type and the degree of N addition were important (Fig. 3a). The RR of
AM fungal abundance was negative in grassland, farmland, and shrub
(RRs: —23.3%, —9.8%, and —9.0%, respectively) whereas positive in
the forest (RR: 17.1%) (Fig. 2). Furthermore, the RR of AM fungal abun-
dance in grasslands and farmlands is negative when the degree of N ad-
dition exceeds 33.85 and 67.64 kg N ha™' yr™!, respectively; however,
N addition decreases AM fungal abundance in forests only when the de-
gree of N addition exceeded 871.31 kg N ha=' yr™! (Table S4). The rel-
atively low abundance of edaphophilic AM fungi and the relatively high
abundance of rhizophilic AM fungi in forest ecosystem type (Yuan et al.,
2018; Weber et al., 2019). Rhizophilic AM fungi, such as Glomeracea
(Table S1), is favored under N addition (Treseder et al., 2018; Weber
et al,, 2019) and can be even able to persist or thrive under high N
(Lilleskov et al., 2019), but edaphophilic AM fungi, such as
Gigasporaceae (Table S1), would be suppressed under N addition
(Weber et al., 2019; Han et al,, 2020).

Notably, our result implied the negative but insignificant effect of N
addition on AM fungal abundance (Fig. 2), which is inconsistent with
the results of several recent meta-analyses (Treseder et al., 2018;
Zhang et al., 2018; Han et al., 2020) or field research (Antoninka et al.,
2011; van Diepen et al,, 2011; Liu et al., 2012). Mechanically, the funda-
mental reason for such inconsistency may be attributed to the fact that
the effect of N addition on AM fungal abundance is comprehensive
(Fig. 5), and previous meta-analyses overestimated the negative effects
or ignored the positive effects. We found that such a comprehensive ef-
fect comprising of four single effects (shown in Fig. 5f, g, h, i, respec-
tively). First, N addition normally enhances the primary productivity
of AM plants (Phillips et al., 2013; Thomas et al., 2010; Pan et al.,
2020), resulting in the C-richness and shifts fungal community in
favor of AM fungi over ECM fungi (Averill et al., 2018; Averill et al.,
2019) (Fig. 5f). In our study, the increased shoot and root dry weight
(+54.0% and + 14.2%) and the decreased shoot-to-root ratio
(—30.0%) demonstrated that the high available N would improve the
ability of the AM fungal to transfer N to host plants, augmenting benefits
of host plant investment, such as C allocation into AM fungi (Johnson
et al,, 2015; Verlinden et al., 2018). This positive effect indicates that N
addition may elicit a positive feedback loop in which AM fungal en-
hancement of N uptake would promote the allocation of host plant C
to AMEF for the acquisition of other resources, resulting in an increased
AM fungal abundance (Pan et al., 2020). Second, N addition leads to
an imbalance of N:P of host plants, which drives host plants to invest
more C to edaphophilic AM fungi, since edaphophilic AM fungi contrib-
ute to P uptake of the host plants (Fig. 5g, Weber et al.,, 2019; Mosse and
Phillips, 1971; Dong et al., 2018; Treseder, 2004; Staddon et al., 2004).
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Response of edaphophilic AM fungi to N addition follows this mecha-
nism to ensure N:P balance of host plants and their AM fungal symbi-
onts. When the host plants and their AM fungal symbionts are in the
N-limitation, edaphophilic AM fungi limit the protein synthesis rates
to reduce N consumption. While under P-limitation, edaphophilic AM
fungi constrain RNA production rates to reduce P consumption
(Loladze and Elser, 2011; Alberton et al., 2005; Dong et al., 2018; Han
et al., 2020). Third, soil acidification decreases AM fungal abundance
both directly and indirectly (Fig. 5h). Soil acidification from excessive
N addition would usually reduce root colonization, spore production,
and extraradical hyphal growth (Han et al., 2020; Clark, 1997), inhibit
enzymatic activities (Zhang et al., 2018), and decrease SOC decomposi-
tion (Janssens et al., 2010; Lee and Jose, 2003). Moreover, the decreased
microbial biomass C following soil acidification results in a greater os-
motic potential and an increased aluminum solubility that is toxic to
AM fungi (Vitousek et al., 1997). Finally, compensatory adjustments
due to increased shoot N and root N can suppress AM fungal growth.
N addition can increase soil total N and supplement N availability (An
et al., 2008; Weber et al., 2019), which will stimulate N absorption
and transmission and increase shoot N and root N of host plants, and
led to the compensatory adjustments that reduce AM fungal abundance
(Zhang et al., 2018) (Fig. 5i). Overall, the former two effects (Fig. 5f,
g) are positive on AM fungal abundance, the latter two effects are neg-
ative (Fig. 5h, i), therefore the comprehensive effect composed by
such 4 single effects changes with a specific context. This means that
we could not simply determine the effects of N addition on AM fungal
abundance without considering the difference in a specific context
such as ecosystem types.

4.3. Uncertainties and research need

Sources of uncertainties should be noted when interpreting results
in this meta-analysis. First, uncertainty may derive from the uneven
spatial distribution of data. Specifically, we reviewed a total of 431
cases, of which 36.0% were in North America, 33.6% in Europe, 24.6%
in Asia, 4.4% in Oceania, and the remaining 1.4% in South America
(Fig. 1). More importantly, more than 85% of the experiments were con-
ducted in mid-latitudes, whereas very few experiments were in low-
latitudes and particularly high-latitudes. Instead of simply extrapolating
results from this analysis (mostly from mid-latitudes) to low-latitudes
and high-latitudes, we took into account various environmental condi-
tions, including climate, precipitation, carbon storage, and the sensitiv-
ity to the drivers of global climate change (Chen et al., 2020). As a
consequence, more experimental results from low or high latitude
areas are needed to better understand the responses of AM fungal abun-
dance to the drivers of global climate change in the future. Second, the
studies in our database employed a wide range of experimental
methods, which could also be a source of uncertainty. Previous meta-
analyses suggested that open-top chamber (OTC) and infrared heater
(IH) techniques would only increase the temperature of surface soil,
but barely warm the subsoil by more than 30 cm, where more than
half of the total SOC in the whole soil profile is stored (Jackson et al.,
2017; Chen et al., 2020). Although our analysis indicated that the effects
of any single driver of global climate change on AM fungal abundance
did not depend on the experimental method (Fig. 3a), uniform research
techniques would facilitate comparisons between experiments. Third,
due to data limitations, we cannot further divide the data into sub-
groups, and the differences between subgroups will also become one
of the sources of uncertainty. For instance, as introduced by Han et al.
(2020), AM fungi have intra- and extra- radical structures, which can
be subdivided “in root” and “in soil” guilds with different responses to
climate change. Moreover, differences in sampled soil types, soil layers,
and measurement methods of the same variable may contribute to the
uncertainty of the results. For instance, in our study, there are 65 cases
related to dry root weights, of which 24.6% used 60 °C for 2 days to de-
termine dry root weights, 4.6% used 60 °C for 5 days, 9.2% used 65 °C
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until the weight was constant, 1.5% used 70 °C for 2 days, 10.8% used
75 °C for 3 days, 6.2% used 80 °C for 1 day, 27.7% used 80 °C for 4 days,
and 15.4% used 105 °C until the weight was constant. Therefore, we sug-
gest conducting multi-site comparison studies that employ the same
measurement method, which is conducive to understanding the role
of AM fungi in regulating the growth of host plants under global
changes. Lastly, the small sample size in some groups could be another
source of uncertainty. For example, only 4 cases of shrubs under
warming and 5 cases of shrubs under eCO, were included in our
database, indicating that future researchers should pay more attention
to the response of AM fungi abundance on global climate change in
the shrub ecosystem.

5. Conclusions

Overall, this meta-analysis reveals the response patterns of AM fungal
abundance to the drivers of global climate change including warming,
eC0,, and N addition on a global scale, and provides unparalleled insights
into how AM fungal community will change in the future. We also explic-
itly suggested that the degree of warming, eCO,, and N addition is the
most important variable for the RR of AM fungal abundance. Specifically,
although both warming and eCO, stimulate AM fungal abundance, the RR
of AM fungal abundance decreased with the degree of warming while in-
creased with the degree of eCO,. Furthermore, in warming experiments,
as long as the degree of warming exceeded around 4 °C, the effects of
warming on AM fungal abundance changed from positive to negative re-
gardless of the experimental durations, methods, periods, and ecosystem
types; however, in N addition experiments, the effects of N addition on
AM fungal abundance are often highly context-specific, especially the ni-
trogen fertilizer input rate and ecosystem type. We highlight that the
shoots and roots of plant hosts and their mutual relationship may be
the predictor for the growth of AM fungal communities. Taken together,
the results provide a framework for understanding the responses of AM
fungal communities to the drivers of global climate change, and contrib-
ute to developing a theoretical model to better predict ecological func-
tions of AM fungal communities under global changes.
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