
Glob Change Biol. 2024;30:e17409.	 		 	 | 1 of 14
https://doi.org/10.1111/gcb.17409

wileyonlinelibrary.com/journal/gcb

1  |  INTRODUC TION

Ongoing climate change is predicted to intensify precipitation 
variability; one of the consequences is a progressive increase in 
the severity and duration of droughts (IPCC, 2021). As water is an 
essential resource for sustaining life, drought has been deemed 
a widespread crisis in terrestrial ecosystems (Schimel, 2018). 
Drought negatively affects plant productivity and the soil micro-
bial community (Schimel, 2018), and, as a consequence, associated 

ecological processes driven by microbes, including soil aggregation, 
litter decomposition and soil nutrient cycling (Chen et al., 2023; Rillig 
et al., 2019). In addition, the frequency of precipitation could also 
exert a substantial impact on soil processes, even when the total 
amount of water remains unchanged (Bowles et al., 2018; Chen 
et al., 2023; Hoover et al., 2022). For example, intensified soil water 
variability (e.g. water supply with low frequency) promotes the 
breakdown of macro- aggregates compared to conditions with less 
variability in soil water status (achieved for example by watering 
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Abstract
Although	positive	effects	of	arbuscular	mycorrhizal	(AM)	fungi	on	plant	performance	
under	 drought	 have	 been	well	 documented,	 how	AM	 fungi	 regulate	 soil	 functions	
and multifunctionality requires further investigation. In this study, we first performed 
a	meta-	analysis	 to	 test	 the	potential	 role	of	AM	fungi	 in	maintaining	soil	 functions	
under drought. Then, we conducted a greenhouse experiment, using a pair of hyphal 
ingrowth	cores	to	spatially	separate	the	growth	of	AM	fungal	hyphae	and	plant	roots,	
to	further	investigate	the	effects	of	AM	fungi	on	soil	multifunctionality	and	its	resist-
ance	against	drought.	Our	meta-	analysis	showed	that	AM	fungi	promote	multiple	soil	
functions, including soil aggregation, microbial biomass and activities of soil enzymes 
related to nutrient cycling. The greenhouse experiment further demonstrated that 
AM	fungi	attenuate	the	negative	impact	of	drought	on	these	soil	functions	and	thus	
multifunctionality,	 therefore,	 increasing	their	 resistance	against	drought.	Moreover,	
this	buffering	effect	of	AM	fungi	persists	across	different	frequencies	of	water	supply	
and	plant	species.	These	findings	highlight	the	unique	role	of	AM	fungi	in	maintaining	
multiple soil functions by mitigating the negative impact of drought. Our study high-
lights	the	importance	of	AM	fungi	as	a	nature-	based	solution	to	sustaining	multiple	
soil functions in a world where drought events are intensifying.
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with high frequency), despite the total water supply remaining con-
stant in both scenarios (Chen et al., 2023). Thus, there is a need to 
understand the mechanisms through which soil functions and pro-
cesses react to alterations in both the amount and frequency of pre-
cipitation. Only with such information can we better understand and 
predict the shifts in soil functions in the context of future climate 
change.

Soil organisms play an indispensable role in maintaining soil 
functions and processes (Anthony et al., 2023; Delgado- Baquerizo 
et al., 2017). As an important functional group among soil organisms, 
arbuscular	mycorrhizal	 (AM)	fungi	can	form	symbiotic	associations	
with approximately 80% of terrestrial plant species, providing a wide 
array of benefits to their plant hosts in exchange for carbohydrates 
and lipids (Luginbuehl et al., 2017). Thus, much attention over the 
past	decades	has	focused	on	the	role	of	AM	fungi	 in	plant	growth	
and its responses to drought (Abdalla et al., 2023; Augé, 2001; 
Cheng et al., 2021; Cosme, 2023; Püschel et al., 2020, 2021; Tang 
et al., 2023).	For	example,	AM	fungi	have	been	shown	to	facilitate	
phosphorus uptake by plants even under severe drought stress 
(Püschel et al., 2021), and shape the evolution of plant adaptation 
to drought (Cosme, 2023).	However,	the	impact	of	AM	fungi	usually	
extends beyond their influence on plants; in fact, they can affect soil 
functions and processes in several ways (Figure 1a).	AM	fungi	have	
been estimated to utilize up to 20% of the plant net photosynthates 
(Jakobsen	&	Rosendahl,	1990), which are then released into the soil 
matrix via hyphal exudation (Drigo et al., 2010; Kaiser et al., 2015; 
Kakouridis et al., 2024). Exudates released by extensive hyphal net-
works in the soil can stimulate the activity of microbial communities 

around hyphal surfaces, and thus enzyme production (Cheng 
et al., 2012; Frey, 2019), which, in turn, could facilitate aspects of 
nutrient cycling in soils (Frey, 2019).	Besides,	AM	fungi	produce	or-
ganic binding agents and can physically entangle and enmesh soil 
particles	 (Rillig	&	Mummey,	2006), thus contributing to the forma-
tion and stabilization of soil aggregates (Frey, 2019;	Wu	et	al.,	2023). 
Furthermore,	AM	fungi	can	improve	the	formation	of	soil	aggregate	
and	 substrate	 hydraulic	 properties	 under	 drought	 (Ji	 et	 al.,	 2019; 
Püschel et al., 2021).	Given	 that	AM	fungi	 can	affect	multiple	 soil	
functions simultaneously (that is, multifunctionality), their role in 
regulating the resistance of soil multifunctionality against drought 
requires further investigation. This information is essential to our 
understanding of the importance of this key symbiosis in maintain-
ing multiple soil functions and processes in the currently unfolding 
scenario of increasing precipitation variability.

To address these knowledge gaps, we first conducted a meta- 
analysis	 to	test	the	role	of	AM	fungi	 in	regulating	soil	 functions	 in	
responses to water variability. On the one hand, we found that the 
studies included in the meta- analysis paid little attention to soil mul-
tifunctionality. On the other hand, almost all studies only explored 
the effect of the amount of water supply and little is known about the 
effect	of	watering	frequency.	To	further	investigate	how	AM	fungi	
regulate soil multifunctionality in responses to both the amount and 
frequency of water supply, we then performed a greenhouse experi-
ment, using a pair of hyphal ingrowth cores (that is, a paired design of 
static and rotated cores; Figure S1) to spatially separate the growth 
of	AM	hyphae	 and	 plant	 roots	 (Johnson	 et	 al.,	2001).	Meanwhile,	
we independently manipulated the amount (e.g. well- watered vs. 

F I G U R E  1 The	potential	pathways	
through which arbuscular mycorrhizal 
(AM)	fungi	influence	multiple	soil	
functions (a) and the hypotheses tested 
in the study (b and c). Releasing labile 
carbon in the form of exudation by 
extensive hyphal networks can influence 
the soil microbial community, and thus 
enzyme	production.	In	addition,	AM	
fungi produce organic binding agents 
and physically entangle and enmesh soil 
particles, both of which jointly contribute 
to the formation and stabilization of soil 
aggregate. These processes have the 
potential to regulate the dynamics of soil 
organic matters, and thus nutrient cycling 
in	soils	(a).	Given	the	unique	role	of	AM	
fungi,	we	hypothesize	that	AM	fungi	
could facilitate multiple soil functions (b). 
Furthermore,	we	hypothesize	that	AM	
fungi could attenuate the negative impact 
of drought on multiple soil functions (i.e., 
|△1| < |△2|; c), and finally enhance the 
resistance of both against drought.
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drought) and frequency (e.g. high vs. low) of water supply to simu-
late variability in water availability (Figure S2). Host plant functional 
group has been considered one of the important determinants of 
AM	fungal	functions	(Hoeksema	et	al.,	2010; Romero et al., 2023). 
Although	many	AM	fungal	species	are	capable	of	forming	symbiosis	
with a wide range of host plants, there seems to be a substantial 
difference	in	the	ecological	consequences	of	specific	plant-	AM	fungi	
combinations (Bever et al., 1996; Šmilauer et al., 2020). Therefore, 
three host plants (Lolium perenne, Achillea millefolium and Trifolium 
repens) from different plant functional groups (e.g. grass, forb and 
legume) were used as model species, which also significantly differ 
in functional traits (Table S1) (Lozano et al., 2020). In this study, we 
measured the following variables, including litter decomposition, soil 
DNA concentration, soil respiration, activities of four soil enzymes 
related	to	soil	nutrient	cycling,	and	soil	aggregation.	We	calculated	
a soil multifunctionality index on the basis of these variables. Given 
the	 positive	 effects	 of	 AM	 fungi	 on	 soil	 aggregation	 and	 nutrient	
cycling	 (Ji	et	al.,	2019; Li et al., 2023),	we	hypothesize	that	 (1)	AM	
fungi can promote multiple soil functions and thus multifunctionality 
(Figure 1b), regardless of watering amount and frequency; and that 
(2) AM	fungi	have	the	potential	to	attenuate	the	negative	impact	of
drought on soil functions and multifunctionality (downward arrows
in Figure 1c; that is, |△1| < |△2|), and, therefore, increase their re-
sistance against drought.

2  |  MATERIAL S AND METHODS

2.1  |  Meta- analysis

2.1.1  |  Data	collection

We	conducted	a	 literature	search	using	the	Web	of	Science	(WoS,	
http:// apps. webof knowl edge. com/ ) and China Knowledge Resource 
Integrated Databases (CNKI, www. cnki. net/ ) on October 20, 2023, 
with the following keyword combinations for topic search: (“arbuscu-
lar	mycorrhizal	fung*”	OR	“AM	fung*”	OR	“AMF”	OR	“AM	symbios*”)	
AND (“drought” OR “water deficit” OR “water stress” OR “water re-
gime*”) AND (“soil aggregat*” OR “decomposition” OR “soil enzym*” 
OR “respiration” OR “microbial activit*” OR “microbial biomass” OR 
“soil function*” OR “bacterial abundance” OR “fungal abundance” 
OR	 “microbial	 abundance”).	 In	 the	 WoS,	 databases	 used	 for	 our	
search	 included	WoS	Core	Collection,	Current	Contents	Connect,	
KCI-	Korean	Journal	Database,	MEDLINE	and	SciELO	Citation	Index.	
To avoid bias, the studies included in our dataset were required to 
meet the following criteria: (1) The study had to report at least one 
soil function of interest (see Table S2). (2) The study had to report 
the means of soil functions and sample sizes. (3) If a study used the 
static/rotated core, it must meet the following conditions to be in-
cluded: (i) the only difference between the two ingrowth cores 
during the experiment was that one of them would be rotated; (ii) 
containing both well- watered (control) and drought treatment. (4) If 
a	study	used	sterilized	soil	samples	which	were	inoculated	with	AM	

fungal inoculum, it must meet the following criteria to be included: (i) 
the inoculated and non- inoculated groups must be identical except 
for	the	factor	of	AM	fungal	inoculation;	(ii)	both	the	inoculated	and	
non- inoculated groups were required to have a control and drought 
treatment; (iii) to avoid any confounding effects, we excluded in-
stances	of	AM	fungal	inoculation	in	combination	with	uncontrolled	
microorganisms	(e.g.	the	non-	AM	fungal	communities	added	only	in	
the inoculated or non- inoculated groups); (iv) we excluded studies in 
which the non- mycorrhizal group was established using fungicides 
(e.g. benomyl) due to the potential non- target effects, as fungal in-
hibitors could eliminate other fungal groups, for example pathogens. 
The	procedure	for	article	selection	followed	the	PRISMA	guidelines	
(Figure S6). Finally, a total of 32 papers were compiled in our dataset. 
In each study, we extracted means, sample size, and either standard 
deviation (SD), standard error (SE), or 95% confidence interval (CI) 
if	 available.	Unspecified	 error	 bars	were	 treated	 as	 SE.	When	 the	
results were graphically presented, the data were digitized using the 
software	 WebPlotDigitizer	 4.6	 (https://	autom	eris.	io/	WebPl	otDig	
itizer/ ).

2.1.2  |  Calculation	of	effect	size	and	variance

We	used	the	natural	log	response	ratio	(lnRR),	a	metric	widely	used	
in meta- analysis (Hedges et al., 1999),	to	quantify	the	effects	of	AM	
fungi on soil functions:

where XT and XC are the mean values of soil functions in inoculated 
and non- inoculated groups, respectively. The variance (v) of each lnRR 
was calculated as follows:

where SDT and SDC are the SD in the inoculated and non- inoculated 
groups, respectively; NT and NC are the sample size in inoculated and 
non- inoculated groups, respectively. If a study reported SE, then the 
corresponding SD was calculated as follows:

where n is the sample size. If only 95% CI was reported in a study, the 
SD was calculated as:

where CIu and CIl indicate the upper and lower limits of the 95% CI, 
respectively. Zα/2 represents the Z score for a given level of significance 
(e.g. 1.96 at α = .05).	If	in	a	study,	microbial	biomass	was	further	sepa-
rated into different groups, for example, bacterial biomass, fungal bio-
mass and so on, then their sum value was considered as the microbial 
biomass. The corresponding SD values were calculated following the 
method of error propagation (Lorber, 1986):
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where SDsum is the new SD for the sum values, with SD1, SD2 and 
SDn as the values of each component of microbial biomass. The same 
method was used to calculate phosphatase activity when a study si-
multaneously reported two or more activities of phosphatase, for 
example acid phosphatase, alkaline phosphatase, and neutral enzyme 
activity. In the studies that did not report SD, SE or 95% CI in our 
dataset, the Bracken1992 approach was used to impute missing SD 
using the R package metagear (Lajeunesse, 2016). It should be noted 
that these methods have also been used to calculate the effect size of 
drought on soil functions.

2.2  |  Experiment

2.2.1  |  Experimental	design

The experiment was carried out in a glasshouse at Freie Universität 
Berlin, Germany (Figure S3). A pair of hyphal ingrowth cores featur-
ing	 openings	 covered	with	 a	 pore	 size	 of	 38 μm mesh (preventing 
penetration of plant roots but allowing hyphal passage) was inserted 
into each microcosm (Figure S1).	One	core	remained	stationary	(AM	
hyphae access allowed), while the other was rotated to periodically 
sever	 the	hyphae,	creating	a	volume	of	 soil	 free	of	AM	fungal	hy-
phal influence. To simulate water variability, we independently ma-
nipulated both the amount (well- watered vs. drought) and frequency 
(high vs. low) of water supply (Figure S2). In addition, three plants 
with widely differing functional traits (Table S1), L. perenne (grass), A. 
millefolium (forb) and T. repens (legume), were treated as host plants 
in this study. Each treatment is replicated eight times, resulting in a 
total of 96 microcosms (2 watering amount × 2	watering	frequency	
× 3	plant	species	× 8	replicates).	Microcosms	were	randomly	distrib-
uted	in	the	glasshouse	and	re-	distributed	every	2 weeks	during	the	
experiment (for more details on the experiment see sections below).

2.2.2  |  Soils,	hyphal	ingrowth	cores	and	litter	bags

The soil used in the study was an Albic Luvisol collected from the 
top	20 cm	of	a	local	grassland	experimental	site	of	Freie	Universität	
Berlin.	Soil	samples	were	passed	through	a	2 mm	sieve	and	well	ho-
mogenized, and then air- dried at room temperature. The proper-
ties of soil samples were as follows: 1.87% carbon, 0.12% nitrogen, 
69 mg kg−1	 phosphorus	 (calcium	 acetate-	lactate),	 pH 7.1	 (calcium	
chloride) (Rillig et al., 2010). Hyphal ingrowth cores were con-
structed	using	plastic	tubes,	17.5 cm	in	length	and	3 cm	in	diameter.	
Many	openings	with	a	size	of	7 × 7 mm	were	cut	into	each	tube	(grid	
structure), the openings produced were equivalent to about 80% of 
the external surface area of the core. Nylon mesh with a pore size of 
38 μm was attached to the wall and bottom of the core using silicone 
glue, which was chosen to prevent the penetration of plant roots 

but	not	AM	hyphae.	To	determine	 the	consequences	of	AM	 fungi	
on	microbial	decomposition,	we	made	litter	bags	(3 cm × 3 cm)	using	
38 μm	nylon	mesh	via	an	impulse	sealer	(Mercier	Corporation).	The	
litter	bags	were	filled	with	50 mg	oven-	dried	and	milled	plant	mate-
rial (shoots of Holcus lanatus), and then sealed.

2.2.3  | Microcosm	establishment	and	
watering treatments

We	 established	 the	 microcosms	 using	 96	 pots	 (14.5 cm	 in	 diam-
eter	 and	18 cm	 in	height;	Figure S3a). These pots were filled with 
two	hyphal	ingrowth	cores	and	1.9 kg	soil	to	a	final	bulk	density	of	
1.2 g cm−3, simulating the bulk density at the field site (Figure S3b). 
Each	core	was	filled	with	220 g	soil	to	the	final	bulk	density,	in	which	
one	litter	bag	was	inserted	at	a	depth	of	8 cm	(Figure S3b). Before 
transplanting,	all	microcosms	were	allowed	to	recover	for	2 weeks	at	
70%	of	field	water	holding	capacity	(WHC)	by	weighing	pots	every	
2 days.	Seeds	of	 the	three	host	plants	were	surface	sterilized	with	
70%	alcohol	for	2 min,	germinated	in	a	plastic	box	containing	a	mix-
ture of air- dried soil and sterilized sand (50% w/w) at room tempera-
ture,	and	watered	with	sterilized	water	when	needed.	We	ensured	
simultaneous germination of seeds from different plant species by 
altering the seeding time. Two seedlings of the same species were 
transplanted to positions on the diagonal in each pot (Figure S1). 
Starting from the completion of transplantation until the sampling 
phase, one ingrowth core remained stationary (static core), whereas 
the	other	one	was	rotated	every	2 days	by	2–3 mm	horizontally	(ro-
tated core). In such static/rotated cores, hyphal connections are sev-
ered by rotating cores, thus eliminating hyphal access to the interior 
of the cores, while allowing such access in the static counterparts. 
The paired design of ingrowth cores provides us with an opportunity 
to	 study	 the	 impact	 of	AM	 fungi	 on	 soil	 functions	 and	processes,	
such	 as	 comparing	 soils	without	AM	 fungal	 activity	 (rotated	 core)	
to	soils	with	AM	fungal	hyphae	(static	core),	while	keeping	all	other	
conditions identical. This method has been demonstrated to be 
highly effective and minimally disruptive in our preliminary experi-
ment (Figure S4). The details of the preliminary experiment are pro-
vided	 in	 the	 Supplementary	Methods.	 The	microcosms	were	 kept	
within	a	climate-	controlled	glasshouse	with	22°C	for	16 h	during	the	
day	and	18°C	for	8 h	during	the	night.	To	ensure	optimal	lighting	con-
ditions, high- pressure sodium lamps were employed to supplement 
the light when the ambient light intensity dropped below 50 klx. All 
microcosms	were	maintained	at	70%	of	WHC	in	the	glasshouse	for	
8 weeks	before	the	watering	treatments	began	(Figure S3c).

In this study, we manipulated watering amount and frequency 
independently. To explore the effects of watering amount, these 
microcosms were maintained at 70% (well- watered) and 35% 
WHC	 (drought),	 respectively,	 by	 receiving	 different	 amounts	 of	
water (Figure S2). For each level of the watering amounts, the 
same amount of water was applied either in smaller amounts 
every day (high frequency hereafter) or in larger amounts every 
3 days	(low	frequency	hereafter)	(Figure S2). The amount of water 

(5)SDsum =

√

SD2
1
+ SD2

2
+ … + SD2

n
,
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replenished for each level of watering amount (high frequency) 
was determined by weighing pots every day; the recorded weights 
were used to calculate the amount of water supply for the low- 
frequency treatment (Figure S2). Therefore, both the high and 
low- frequency treatments for a given level of watering amount re-
ceived the same amount of water overall. The watering treatments 
lasted	5 months	before	sampling.	To	correct	the	amount	of	water	
supply caused by changes in plant fresh biomass, we prepared an 
additional six microcosms for each species in each treatment. At 
the beginning and the third month of the watering treatment, we 
performed destructive sampling on three microcosms (3 repli-
cates) for each species in each treatment, respectively. Plant fresh 
biomass (roots and shoots) was determined and used as a calibra-
tion parameter for water supply.

2.2.4  |  Sampling	and	measurements

After	 5 months	 of	 watering	 treatment,	 all	 of	 the	 ingrowth	 cores	
were harvested and immediately transported to the laboratory 
within ice boxes. Soil samples in each core were gently homoge-
nized, and then divided into subsamples. Two grams of fresh sample 
was	stored	at	−80°C	for	DNA	extraction;	20 g	was	stored	at	4°C	for	
determination of soil CO2	release;	5 g	was	stored	at	4°C	for	meas-
urements of soil enzyme activity. The remaining soil samples were 
air- dried for other analyses. In addition, we sampled plant roots, 
which	were	oven-	dried	at	40°C	for	determination	of	AM	root	colo-
nization. Litter bags were stored at 4°C before further processing.

We	measured	 the	 following	 soil	 functions	 and	processes,	 in-
cluding four enzyme activities related to soil nutrient cycling, 
litter decomposition, soil respiration, soil DNA concentration, 
and water- stable soil aggregates. The activities of phosphatase 
(organic phosphorus mineralization), β- D- celluliosidase (cellulose 
degradation), β- glucosidase (cellulose degradation), and N- acetyl- 
β- glucosaminidase (chitin degradation) were determined using a 
high	throughput	microplate	assay	(Jackson	et	al.,	2013). The rate 
of litter decomposition was determined by calculating the propor-
tional	 loss	 of	 litter	weight	 during	 the	 experiment.	We	measured	
soil respiration using an infrared gas analyser (LiCOR 6400XT, 
Lincoln, NE, USA), which was used as an indicator of microbial 
activity (Yang et al., 2022).	Soil	DNA	was	extracted	from	250 mg	
of fresh soil samples with DNeasy PowerSoil Pro Kit (QIAGEN 
GmbH, Germany) according to the manufacturer's instructions. 
DNA concentration was measured using a Qubit Fluorometer. The 
concentration of soil DNA has been widely employed as a power-
ful indicator for surface soil microbial biomass (Delgado- Baquerizo 
et al., 2016;	Wagg	et	al.,	2014), as it aligns closely with alternative 
methodologies indicative of microbial biomass (Gong et al., 2021; 
Taylor et al., 2002).	Moreover,	 being	a	molecule	 rich	 in	nitrogen	
and phosphorus, DNA could potentially function as a significant 
nutritional source for microbes (Pinchuk et al., 2008).	 Water-	
stable	 soil	 aggregates	were	measured	by	wet-	sieving	 (Kemper	&	
Rosenau, 1986), with some modifications (Yang et al., 2022). To 

verify the effectiveness of the hyphal ingrowth core system, we 
determined	the	length	of	AM	fungal	and	non-	AM	fungal	hyphae	ac-
cording	to	previous	methods	(Jakobsen	et	al.,	1992;	Mosse,	1959; 
Rillig et al., 1999).	Percentage	of	plant	roots	colonized	by	AM	fungi	
was	determined	 to	demonstrate	 the	 success	of	AM	colonization	
following	 the	 magnified	 gridline	 intersect	 method	 (McGonigle	
et al., 1990). Full details of these measurements can be found in 
the	Supplementary	Methods.

2.2.5  |  Assessing	soil	multifunctionality

In this study, we assessed soil multifunctionality using three ap-
proaches: (1) the averaging multifunctionality index, (2) the weighted 
multifunctionality index and (3) the principal component analysis 
(PCA)- based multifunctionality index. Before analyses, all individual 
soil functions were standardized between 0 and 1, as follows:

where soil function is the raw value of each soil function. This 
transformation ensures that all individual soil functions are on the 
same	 comparable	 scale.	 We	 first	 calculated	 the	 averaging	 multi-
functionality on the basis of the eight standardized soil functions. 
To down- weight highly correlated soil functions that we measured, 
we	 calculated	 the	 weighted	 multifunctionality	 index	 (Manning	
et al., 2018). To obtain this, we first performed a cluster analysis to 
generate a dendrogram tree using hierarchical agglomerative clus-
tering. Then, the Elbow method was used to determine the optimal 
number of clusters, and the individual soil functions were weighted 
based on these clusters. Finally, the weighted multifunctionality 
index was derived by calculating the average of all weighted indi-
vidual soil functions. The PCA- based multifunctionality index was 
calculated by summing the scores along oriented PCA axes weighted 
by their eigenvalues. It should be noted that the three multifunc-
tionality indices are highly correlated with each other (Figure S5), 
underscoring that the selection of the multifunctionality index does 
not impact the integrity of our results. Therefore, we present the 
weighted soil multifunctionality in this study.

2.2.6  |  Assessing	resistance	of	soil	functions	
against drought

To	evaluate	how	AM	fungi	regulate	the	resistance	of	soil	functions	
and multifunctionality against drought, we calculated the resistance 
index for static and rotated cores, respectively, as follows:

where D represents the soil functions under drought, and W is the 
mean value of soil functions under well- watered conditions. This index 

(6)

Standardized soil function =
soil function −min(soil function)

max(soil function) −min(soil function)
,

(7)Resistance index = 1 −
2 ∣ D −W ∣

W + ∣ D −W ∣
,
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offers the advantage of being both standardized by the control and 
constrained	within	a	range	of	−1	(indicating	minimal	resistance)	to	+1 
(reflecting maximal resistance), even in the presence of extreme values 
(Orwin	&	Wardle,	2004).

2.3  |  Statistical analyses

2.3.1  | Meta-	analysis

All statistical analyses were performed in R (R Development Core 
Team, 2019).	 We	 performed	 meta-	analysis	 using	 the	 R	 package	
metafor.	To	test	how	AM	fungi	affect	soil	functions,	we	first	calcu-
lated the weighted mean of lnRR (lnRR)	 for	AM	 fungi	 and	 its	95%	
CI using a mixed- effects model (restricted maximum likelihood ap-
proach,	REML),	as	follows:

where m indicates the number of comparisons in the group, lnRRi is 
the effect size of the ith study. The weighing of the ith study (wi) was 
calculated as:

where vi is the variance of study (i), v indicates the within- study 
variance, and τ2 represents the variance between studies. Because 
some studies provided more than one effect size in our dataset, 
we treated the observations nested within each study as a ran-
dom factor in the mixed- effects model. The lnRR was considered 
significant if the 95% CI did not overlap with zero. For ease of 
interpretation, the lnRR was reverse- transformed and presented 
as a percentage change (%):

Second,	to	test	whether	AM	fungi	attenuate	the	negative	effects	
of drought on soil functions, the approach of pooled estimation in 
the mixed- effects model was used to calculate lnRR of drought and 
the	corresponding	95%	CIs	for	the	moderator	of	AM	fungi	(e.g.	with	
vs.	without	AM	 fungi).	 In	 these	models,	 the	 overall	 heterogeneity	
of effect sizes can be divided into heterogeneity explained by mod-
erators included in the model (QM) and residual heterogeneity (QE). 
We	used	the	QM statistics to assess the significance of the moder-
ator. Finally, to examine the potential impact of publication bias on 
the outcomes of this meta- analysis, we employed a funnel plot to 
assess the likelihood of publication bias, and the asymmetry of the 
funnel plot was examined through Egger's regression test. If asym-
metry was identified, the Rosenberg fail- safe number was used to 
further test whether unpublished articles could potentially impact 
our conclusions. In addition, we used leave- one- out analysis to as-
sess the robustness of our results. The quality of this meta- analysis 

was evaluated following the checklist of quality criteria proposed by 
(Koricheva	&	Gurevitch,	2014).

2.3.2  |  Experiment

First,	we	 applied	 a	 general	 linear	model	 to	 test	 for	 effects	 of	AM	
fungi, watering amount and frequency, plant species, and their in-
teractions	on	soil	functions	and	multifunctionality.	Model	residuals	
were checked to meet the assumptions of normal distribution and 
variance homogeneity. The data were log- transformed before analy-
ses to meet the assumptions when needed. Second, we calculated 
the	effect	 sizes	of	AM	fungi	 to	examine	how	AM	fungi	affect	 soil	
functions and multifunctionality using the Equation (1), in which XT 
and XC are the values of soil functions in static and rotated cores, 
respectively.	We	performed	this	calculation	 for	each	experimental	
unit (i.e. pot), given that both cores were included as pairs in each 
microcosm (i.e. paired design). A positive value of lnRR indicates a 
positive	 effect	 of	AM	 fungi	 on	 soil	 functions	 and	multifunctional-
ity, while a negative value indicates the opposite. Third, to explore 
whether	and	how	AM	fungi	regulate	the	responses	of	soil	functions	
and multifunctionality to drought, we calculated the unpaired mean 
differences in soil functions and multifunctionality between drought 
and well- watered conditions for static and rotated cores, respec-
tively, using the R package dabestr (Ho et al., 2019). This estimation 
is on the basis of a bootstrapping approach (5000 iterations), and di-
rects attention to both the effect size and its accuracy. Furthermore, 
the insights provided by the effect size and confidence interval (CI) 
are reinforced by the depiction of the sampling error distribution 
plotted alongside. Fourth, we used a general linear model to test 
the	effects	of	AM	fungi,	watering	 frequency,	 species	and	 their	 in-
teractions on the resistance of soil functions and multifunctionality 
against drought. Afterwards, the t- test was used to compare the dif-
ference in resistance index between static and rotated cores under 
a specific treatment. Given that rotated cores have the potential to 
cause	changes	in	non-	AM	fungal	hyphae	and	thereby	affecting	soil	
functions and multifunctionality, we treated hyphal length of non-
	AM	fungi	as	a	covariate	 in	these	 linear	models.	Finally,	to	examine	
the	extent	to	which	rotated	core-	induced	changes	in	non-	AM	fungal	
hyphae affect soil functions and multifunctionality, we used varia-
tion	partitioning	 analysis	 to	partition	 the	effects	of	AM	 fungi	 and	
non-	AM	fungi	(indicated	by	hyphal	length)	on	soil	functions	and	mul-
tifunctionality using the R package vegan.

3  |  RESULTS

3.1  |  Meta- analysis

We	first	performed	a	meta-	analysis	 to	examine	how	AM	 fungi	 af-
fect	multiple	 soil	 functions	and	 the	 role	of	AM	 fungi	 in	 regulating	
the	response	of	multiple	soil	functions	to	drought.	On	average,	AM	
fungi promote soil functions (Figure S7). In terms of individual soil 

(8)lnRR =

∑m

i=1
wilnRRi

∑m

i=1
wi

,

(9)wi = 1∕vi ,

(10)vi = v + �
2,

(11)Percentage change (%) =
(

e
lnRR − 1

)

× 100.
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functions,	AM	fungi	had	a	positive	effect	on	multiple	soil	functions,	
except for microbial abundance and activity and soil enzyme activ-
ity related to soil carbon cycling (Figure S7). Furthermore, we found 
that	the	positive	effects	of	AM	fungi	on	microbial	biomass	and	activ-
ity, and soil aggregates were significantly higher under drought than 
under well- watered condition (Figure S8).	We	further	calculated	the	
effect	size	of	drought	on	soil	functions	under	AM	fungi	and	without	
AM	 fungi	 conditions,	 respectively.	 Results	 showed	 that	 AM	 fungi	
significantly attenuate the negative impact of drought on microbial 
biomass and activity, soil aggregates and activities of soil enzymes 
related to P cycling (Figure 2).

In this meta- analysis, no evidence of publication bias for 
soil	 functions	 in	 response	 to	 AM	 fungi	 was	 observed	 (Figure S9, 
Egger's test: p = .25),	which	could	be	 further	demonstrated	by	 the	
Rosenberg fail- safe numbers (Table S4). Although the funnel plots 

were asymmetrical for soil functions in response to drought (Egger's 
test: p < .05),	the	Rosenberg	fail-	safe	numbers	were	much	larger	than	
5k + 10	(Table S4).

These findings suggest that the interpretation of our results is 
unlikely to be affected by publication bias. In addition, leave- one- out 
analysis showed that our findings are unlikely to be driven by a single 
influential study (Figure S10).

3.2  |  Experiment

3.2.1  |  Validation	of	experimental	methods

Although the total water supply of high and low frequencies re-
mained constant for a given level of watering amounts, we found 

F I G U R E  2 Meta-	analysis	of	the	effects	
of drought on soil functions in inoculated 
with	arbuscular	mycorrhizal	(AM)	fungi	
(with	AM	fungi)	versus	non-	inoculated	
groups	(without	AM	fungi).	Circles	and	
error bars represent the mean effect 
size and 95% confidence intervals (CIs), 
respectively. The numbers in brackets 
show the sample size. Overall refers to the 
pooling of all soil functions in the mixed- 
effects model. p- values derived from QM 
statistic indicate differences between the 
AM	fungal	treatments.
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that low- frequency water supply significantly increased soil mois-
ture variability (Figure S11).	We	found	that	only	the	identity	of	host	
species	 significantly	 affected	AM	 fungal	 root	 colonization,	with	T. 
repens having the highest rate of colonization (Figure S12). Our re-
sults	showed	that	rotated	cores	greatly	reduced	the	 length	of	AM	
fungal hyphae as expected (Figure S13).	For	non-	AM	hyphal	length,	
a significant reduction was only observed in L. perenne, but not in 
T. repens and A. millefolium (Figure S13). The variance partitioning
analysis	suggested	that	changes	in	non-	AM	hyphae	caused	by	core
rotation have relatively little effect on soil functions and multifunc-
tionality	 (0.01%–2.3%;	Figure S14). Furthermore, the results from
linear	models	showed	that	effects	of	AM	fungi	on	soil	functions	and
multifunctionality	 remain	 significant	 even	 when	 non-	AM	 hyphal
length is treated as a covariate (Table S5).

3.2.2  |  Responses	of	soil	functions	and	
multifunctionality	to	AM	fungi,	watering	amount	and	
frequency, and plant species

Results	of	linear	models	showed	that	AM	fungi	significantly	affected	
soil functions (except for litter decomposition) and multifunctional-
ity (Table S5).	On	 average,	AM	 fungi	 had	 a	 positive	 effect	 on	 soil	
functions and multifunctionality (Figure S15). However, drought sig-
nificantly decreased soil functions and multifunctionality (Table S5; 
Figure S16).	We	found	that	soil	functions	(except	for	litter	decompo-
sition and soil respiration) and multifunctionality were significantly 
affected	by	the	interaction	between	AM	fungi	and	watering	amount	
(Table S5).	 Specifically,	 AM	 fungi	 had	 higher	 effects	 on	 soil	 func-
tions and multifunctionality under drought than under well- watered 
conditions (Figure 3; Figure S17). Although watering frequency 

changed soil aggregates, soil DNA concentration, activity of β- D- 
celluliosidase and soil multifunctionality, we did not observe any 
significant	interactions	between	AM	fungi	and	watering	frequency	
(Table S5).	We	found	that	all	soil	functions	except	for	soil	aggregates	
and litter decomposition were influenced by plant host identity 
(Table S5).	However,	a	significant	interaction	between	AM	fungi	and	
plant species was only observed for soil aggregates, litter decom-
position and activity of N- acetyl- β- glucosaminidase (Table S5). Our 
results	suggested	that	AM	fungi	had	higher	effects	on	litter	decom-
position and soil aggregates under T. repens, followed by the other 
two plant species, while the opposite pattern was observed for the 
activity of N- acetyl- β- glucosaminidase (Figure S18). In addition, we 
found that effects of drought on litter decomposition, activity of β- 
D- celluliosidase and soil multifunctionality were dependent on wa-
tering frequency (Table S5).

3.2.3  |  Effects	of	AM	fungi	on	responses	of	soil	
functions and multifunctionality to drought

Our results showed that drought- induced negative impacts on soil 
multifunctionality	were	lower	in	the	presence	of	AM	fungal	hyphae	
than in the absence of these fungi (Figure 4).	Most	 individual	 soil	
functions followed similar patterns to those observed for soil 
multifunctionality (Figure S19). In addition, results of linear models 
showed	 that	 AM	 fungi	 significantly	 affected	 the	 resistance	 of	 all	
individual soil functions and multifunctionality against drought, 
except for litter decomposition and soil respiration (Table S6). 
Specifically, we found that soil functions and multifunctionality are 
more	resistant	to	drought	in	soils	with	AM	fungi	compared	to	soils	
without	AM	fungi	(Figure 5; Figure S20).

F I G U R E  3 Effects	of	arbuscular	mycorrhizal	(AM)	fungi	on	soil	multifunctionality	(LnRR)	across	watering	amount	(well-	watered	vs.	
drought; depicted as different colour symbols), watering frequency (high vs. low; x-	axis	labels)	and	plant	species	(different	panels).	Mean	
effect sizes and 95% confidence intervals (CIs) are presented (n = 8).	A	significant	effect	of	AM	fungi	(p < .05)	was	considered	if	the	95%	CIs	
do not overlap with zero (dotted line). Raw data are shown as swarm plots.
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4  |  DISCUSSION

In	 this	 study,	we	 tested	how	AM	fungi	 regulate	 soil	 functions	and	
multifunctionality, and their responses to drought by using a pair of 
hyphal	ingrowth	cores	to	spatially	separate	the	growth	of	AM	fungal	
hyphae	and	plant	roots.	We	found	that	core	rotation	greatly	reduced	
the	length	of	AM	fungal	hyphae	in	comparison	with	the	static	core,	
validating the experimental approach. Furthermore, there was no 

significant difference in other soil conditions, for example soil water 
content, soil pH and soil aggregates, between the rotated and static 
cores in unplanted microcosms. These results suggest that this parti-
tioning method is highly effective and minimally disruptive in explor-
ing	the	ecological	consequences	of	AM	fungi	(Leifheit	et	al.,	2014). 
Although	physical	rotation	also	reduced	the	non-	AM	fungal	hyphae,	
but to a lesser extent, our analysis showed that rotation- induced 
changes	 in	 non-	AM	 fungal	 hyphae	 have	 relatively	 little	 effect	 on	

F I G U R E  4 Unpaired	mean	differences	(effect	magnitude)	in	soil	multifunctionality	between	drought	and	well-	watered	conditions	(e.g.	
drought	minus	well-	watered)	across	arbuscular	mycorrhizal	(AM)	fungal	treatments	(without	vs.	with	AM	fungi;	depicted	as	different	colour	
symbols), watering frequency (high vs. low; x- axis labels) and plant species (different panels). The vertical lines around the mean represent 
95% confidence intervals (CIs). Both the mean and 95% CIs are derived from bootstrapping approach (5000 iterations). The distribution of 
sampling errors is depicted as a curve.

F I G U R E  5 Resistance	of	soil	multifunctionality	against	drought	across	arbuscular	mycorrhizal	(AM)	fungal	treatments	(without	vs.	with	
AM	fungi;	depicted	as	different	colour	symbols),	watering	frequency	(high	vs.	low;	x- axis labels) and plant species (different panels). The 
horizontal lines inside each box represent the median (n = 8),	and	the	ends	of	the	boxes	indicate	the	upper	and	lower	quartiles.	The	whiskers	
are 1.5×	the	interquartile	ranges.	Raw	data	are	shown	as	swarm	plots.	The	asterisks	show	the	significance	between	without	and	with	AM	
fungal treatments (t- test: *p < .05,	**p < .01	and	***p < .001).
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soil functions and multifunctionality. Therefore, this negligible side- 
effect resulting from rotation is unlikely to be an issue for the inter-
pretation of our results.

4.1  |  Positive effects of AM fungi on soil 
functions and multifunctionality

Consistent with the first hypothesis, our study including meta- 
analysis and greenhouse experiment provides strong evidence 
for	 a	 key	 role	of	AM	 fungi	 in	maintaining	 soil	 functions	 and	multi-
functionality.	On	the	one	hand,	AM	fungi	are	commonly	known	for	
producing organic binding agents that facilitate the formation and 
stabilization of soil aggregates (Frey, 2019; Rillig et al., 2010; Rillig 
&	Mummey,	2006;	Wu	et	al.,	2023).	Furthermore,	AM	fungi	physi-
cally entangle and enmesh mineral particles and organic matter 
through	their	mycelium,	thus	promoting	aggregate	formation	(Rillig	&	
Mummey,	2006).	On	the	other	hand,	while	AM	fungi	lack	the	capacity	
to function as saprotrophs (Tisserant et al., 2013), for example direct 
secretion of enzymes targeting soil nutrient cycling, they influence 
nutrient cycling through interactions with free- living saprotrophs 
around hyphal surfaces (Frey, 2019; Zhang et al., 2022). Up to 20% 
of	 the	plant	 net	 photosynthates	 are	 generally	 allocated	 to	 the	AM	
fungal partner (Drigo et al., 2010;	Jakobsen	&	Rosendahl,	1990), part 
of which can be distributed throughout the soil matrix in the form of 
hyphal exudation (Drigo et al., 2010; Kaiser et al., 2015; Kakouridis 
et al., 2024). The hyphal exudates contain carbon- rich compounds 
that can promote microbial growth, and stimulate the activities of mi-
crobial extracellular enzymes related to soil nutrient cycling (Cheng 
et al., 2012; Kaiser et al., 2015; Zhang et al., 2022). Furthermore, re-
leasing plant photosynthates by extensive hyphal networks is con-
sidered an efficient channel, through which hyphal exudation can be 
transported to microbes within soil microsites that are inaccessible by 
plant roots (Kaiser et al., 2015). Therefore, the hyphal pathway might 
offer more precise targeting of plant carbon to the saprotrophic 
microbial community around hyphal surfaces (Dickie et al., 2015; 
Kakouridis et al., 2024). In addition, fructose, a component of hyphal 
exudates, was shown to serve as a signal, triggering the expression 
of genes responsible for encoding phosphatase in bacterial cells 
(Zhang et al., 2018). These effects result in functional shifts and lead 
to changes in nutrient cycling, rendering the hyphosphere (the region 
under	the	influence	of	the	AM	fungal	hyphae	in	the	soil)	a	unique	as	
well as an active functional zone within soils (Zhang et al., 2022).

Although	no	significant	 interaction	between	AM	fungi	and	plant	
species on soil multifunctionality was observed, we found that the 
positive	effects	of	AM	fungi	on	soil	aggregates	and	litter	decomposi-
tion were the highest with T. repens (legume), followed by A. millefolium 
(non- leguminous forb) and L. perenne (grass). These host- dependent 
effects might be attributed to the following mechanisms. First, these 
host	plants	differ	in	the	degree	of	dependency	on	AM	fungi	(Bergmann	
et al., 2020; Romero et al., 2023), which determines the influence of 
AM	fungi	on	soil	functions.	The	root	system	of	T. repens belonging to le-
gumes is characterized by thick, unbranched roots with few root hairs, 

which may impede roots in acquiring nutrients efficiently (Romero 
et al., 2023). In such cases, T. repens might rely more on the presence of 
AM	fungi	to	acquire	soil	nutrients	than	grasses	(L. perenne) with a well- 
developed, fibrous root system comprised of numerous fine roots 
specialized for efficient nutrient absorption (Brundrett, 2002). As 
such,	this	facilitative	interaction	between	legume	plant	and	AM	fungi	
not only promotes plant growth (Romero et al., 2023), but likewise 
acts on soil functions. Second, plant hosts with diverse traits might 
harbour	unique	communities	of	AM	fungi	(López-	García	et	al.,	2017; 
Šmilauer et al., 2020), which have the potential to recruit distinct 
microbiomes (Emmett et al., 2021), and thus differentially affect soil 
functions (Nuccio et al., 2013;	Wang	et	al.,	2023; Zhang et al., 2022). 
For	example,	the	AM	fungal	taxa	from	the	Claroideoglomeraceae family 
were	more	frequently	found	in	the	roots	of	grass,	whereas	AM	fungal	
taxa from the Glomeraceae, Diversisporaceae, and Gigasporaceae fam-
ilies were more commonly observed in the roots of forbs (Šmilauer 
et al., 2020). Furthermore, Firmicutes taxa showed a positive re-
sponse	 to	 the	 AM	 fungus	Glomus hoi, whereas Actinobacteria and 
Comamonadaceae taxa respond negatively to the identical fungal 
species (Nuccio et al., 2013). These diverse responses of microbial 
taxa	to	AM	fungi	yield	varying	effects	on	soil	functions,	such	as	litter	
decomposition and nitrogen cycling (Nuccio et al., 2013). Finally, plant 
functional group may contribute to different nutrient composition of 
root	exudates	 and	 root	biomass,	 and	 thus	 the	 colonized	AM	 fungal	
communities, but this potential mechanism warrants further study.

4.2  |  AM fungi attenuate the negative impact of 
drought on soil functions and multifunctionality

We	further	explored	the	role	of	AM	fungi	in	regulating	responses	of	
soil functions and multifunctionality to drought. In line with our sec-
ond hypothesis, both meta- analysis and greenhouse experiment show 
that	AM	fungi	attenuate	the	negative	impact	of	drought	on	soil	func-
tions and multifunctionality, and therefore, increase their resistance 
against drought. In general, drought- induced changes in soil hydro-
logical pressure cause soil to shrink and swell, which may trigger the 
breakdown of soil aggregates (Chen et al., 2023; Denef et al., 2001). 
Similar	to	the	way	plant	roots	function,	AM	fungal	hyphae	contribute	
to the formation and stabilization of soil aggregates as discussed above 
(Rillig	&	Mummey,	2006;	Wilson	et	al.,	2009), and even increase soil 
water repellency (Rillig et al., 2010).	Moreover,	the	favourable	effects	
of	 AM	 fungi	 on	 soil	 aggregates	 persist	 under	 drought	 condition	 (Ji	
et al., 2019).	Given	the	unique	role	of	AM	fungi	in	aggregate	formation	
and	stabilization,	the	soil	aggregates	without	presence	of	AM	fungi	are	
more sensitive to drought, which has been demonstrated by both our 
greenhouse study and meta- analysis. To sum up, our study suggests 
that	AM	fungi	attenuate	the	negative	impact	of	drought	on	soil	aggre-
gates and thus increase their resistance against drought.

Drought was shown to negatively affect soil microbial com-
munities, for example, decreasing microbial growth and activity 
(Manzoni	 et	 al.,	2012), and then associated ecological processes, 
for example enzyme production, litter decomposition and soil CO2 
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release (Lozano et al., 2021; Rillig et al., 2019). First, the increased 
soil osmotic potential caused by drought likely exerts pressure on 
soil microbes directly (e.g. growth and activity) (Schimel, 2018). 
Besides, drought can impact soil functions by changing the avail-
ability of substrates to microbes through processes such as dis-
solution, diffusion and transport (Schimel, 2018). Because most 
substrates utilized by microbes as energy sources are soluble in 
water	(Tecon	&	Or,	2017), drought- induced reduction in substrate 
availability thus limits microbial growth and activity and then may 
impact microbially driven functions. Nevertheless, this unfavour-
able situation could potentially be averted due to the presence 
of	AM	fungi,	 as	 they	offer	 readily	available	carbon	substrates	 for	
soil microbes through the secretion of hyphal exudates (Kaiser 
et al., 2015; Kakouridis et al., 2024). Furthermore, recent studies 
indicate	that	AM	fungal	hyphae	can	serve	as	a	“highway”	for	bacte-
ria, facilitating their efficient movement towards nutrient patches, 
which	enhances	 the	utilization	of	 these	 isolated	 substrates	 (Jiang	
et al., 2021; Zhang et al., 2022). Collectively, these processes medi-
ated	by	AM	fungi	could	contribute	to	maintaining	soil	connectivity,	
sustaining microbial activity, and thus facilitating nutrient cycling 
under drought, which, in turn, helps prevent bacterial dormancy 
and mortality, even amidst a significant decrease in soil moisture 
levels (Hestrin et al., 2022). By bolstering microbial functioning in 
soils	exposed	to	drought,	AM	fungi	could	potentially	mitigate	 the	
destabilizing impact of drought on soil functions, and enhance their 
resistance against drought.

This	study	offers	 important	 insights	 into	the	role	of	AM	fungi	
in resistance of soil multifunctionality against drought, but has 
some potential limitations that point to future research directions. 
First,	although	this	study	showed	positive	effects	of	AM	fungi	on	
drought	resistance	of	multiple	soil	functions	(Ji	et	al.,	2019; Püschel 
et al., 2021), this might be specific to the studied system. In addi-
tion, a bias of publication and referencing is likely to have influ-
enced the dissemination of unfavourable mycorrhizal outcomes 
(Lehto	&	Zwiazek,	2011). Therefore, more studies carried out using 
a wider range of ecosystem types and soil conditions are needed to 
validate this point. Second, the well homogenized soil samples used 
in this study were not sterilized, and thus the hyphal growth of sap-
rotrophic fungi is likely somewhat disrupted by the core rotation. 
Although our results demonstrated that core rotation has relatively 
little	effect	on	hyphal	growth	of	non-	AM	fungi	and	the	effects	of	
AM	 fungi	 on	 soil	 functions	 and	multifunctionality	 remain	 signifi-
cant	even	when	accounting	the	influence	of	non-	AM	fungi,	this	still	
interferes to some extent with the ability to attribute the observed 
positive	 effects	 to	 AM	 fungi	 exclusively.	 Thus,	 experimental	 de-
signs	focusing	on	the	impact	of	filamentous	non-	AM	fungal	species	
are needed in future studies to address this issue.

5  |  CONCLUSION

In	this	study,	we	showed	that	AM	fungi	maintain	multiple	soil	func-
tions, including soil aggregation, soil respiration, microbial biomass 

and associated processes of soil nutrient cycling, and thus mul-
tifunctionality.	 More	 importantly,	 we	 found	 that	 AM	 fungi	 could	
attenuate the negative impact of drought on soil functions and 
multifunctionality, and thus increase the resistance of both against 
drought.	 Furthermore,	 this	 buffering	 effect	 of	 AM	 fungi	 persists	
across different frequencies of water supply. These findings high-
light	the	important	role	of	AM	fungi	in	enhancing	soil	functions	and	
multifunctionality by mitigating the negative impact of drought. Our 
study	provides	important	insights	into	the	role	of	AM	fungi	in	main-
taining soil functions and multifunctionality, highlighting a huge po-
tential	of	AM	fungi	as	a	nature-	based	solution	to	sustaining	multiple	
soil functions in a world where drought events are intensifying. At 
the same time, our results highlight the need for renewed efforts to 
conserve	AM	fungi	in	different	ecosystem	types,	including	agricul-
tural land and grasslands.

AUTHOR CONTRIBUTIONS
Bo Tang: Conceptualization; data curation; formal analysis; fund-
ing acquisition; investigation; methodology; project administra-
tion; resources; software; supervision; validation; visualization; 
writing	 –	 original	 draft;	writing	 –	 review	 and	 editing.	 Jing Man: 
Conceptualization; data curation; formal analysis; investiga-
tion; methodology; project administration; validation; visualiza-
tion;	writing	–	original	draft;	writing	–	review	and	editing.	Anika 
Lehmann:	Formal	analysis;	writing	–	review	and	editing.	Matthias 
C. Rillig: Conceptualization; funding acquisition; methodology;
project	 administration;	 supervision;	 validation;	 writing	 –	 review
and editing.

ACKNOWLEDG EMENTS
We	 thank	 Sabine	Buchert,	 Anja	Wulf,	Hongyu	Chen	 and	 Tingting	
Zhao for their assistance in experimental setup and laboratory meas-
urements.	B.T.	and	J.M.	are	grateful	to	the	Rising	Star	Fellowship	pro-
gramme of the Department of Biology, Chemistry, Pharmacy, Freie 
Universität	 Berlin,	 for	 support.	 M.C.R.	 acknowledges	 funding	 for	
the	 European	 Joint	 Programme–Soils	 project	 “Symbiotic	 Solutions	
for Healthy Agricultural Landscapes (SOIL- HEAL),” national support 
for	which	came	from	the	German	Federal	Ministry	of	Education	and	
Research (031B1266). Open Access funding enabled and organized 
by Projekt DEAL.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no competing interests.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly available 
in figshare at https:// doi. org/ 10. 6084/ m9. figsh are. 26123989.

ORCID
Bo Tang  https://orcid.org/0000-0002-0508-5467 
Jing Man  https://orcid.org/0009-0001-8495-7998 
Anika Lehmann  https://orcid.org/0000-0002-9101-9297 
Matthias C. Rillig  https://orcid.org/0000-0003-3541-7853 

https://doi.org/10.6084/m9.figshare.26123989
https://orcid.org/0000-0002-0508-5467
https://orcid.org/0000-0002-0508-5467
https://orcid.org/0009-0001-8495-7998
https://orcid.org/0009-0001-8495-7998
https://orcid.org/0000-0002-9101-9297
https://orcid.org/0000-0002-9101-9297
https://orcid.org/0000-0003-3541-7853
https://orcid.org/0000-0003-3541-7853


12 of 14  | TANG et al.

R E FE R E N C E S
Abdalla,	M.,	Bitterlich,	M.,	Jansa,	J.,	Pueschel,	D.,	&	Ahmed,	M.	A.	(2023).	

The role of arbuscular mycorrhizal symbiosis in improving plant 
water status under drought. Journal of Experimental Botany, 74(16), 
4808–4824.

Anthony,	 M.	 A.,	 Bender,	 S.	 F.,	 &	 van	 der	 Heijden,	 M.	 G.	 A.	 (2023).	
Enumerating soil biodiversity. Proceedings of the National Academy 
of Sciences of the United States of America, 120(33), e2304663120.

Augé,	 R.	M.	 (2001).	Water	 relations,	 drought	 and	 vesicular-	arbuscular	
mycorrhizal symbiosis. Mycorrhiza, 11(1),	3–42.

Bergmann,	J.,	Weigelt,	A.,	van	der	Plas,	F.,	Laughlin,	D.	C.,	Kuyper,	T.	W.,	
Guerrero-	Ramirez,	N.	R.,	Valverde-	Barrantes,	O.	J.,	Bruelheide,	H.,	
Freschet,	G.	T.,	Iversen,	C.	M.,	Kattge,	J.,	McCormack,	M.	L.,	Meier,	
I. C.,	Rillig,	M.	C.,	Roumet,	C.,	Semchenko,	M.,	Sweeney,	C.	J.,	van	
Ruijven,	J.,	York,	L.	M.,	&	Mommer,	L.	(2020).	The	fungal	collabora-
tion gradient dominates the root economics space in plants. Science 
Advances, 6(27), eaba3756.

Bever,	J.	D.,	Morton,	J.	B.,	Antonovics,	J.,	&	Schultz,	P.	A.	(1996).	Host-	
dependent sporulation and species diversity of arbuscular mycor-
rhizal fungi in a mown grassland. Journal of Ecology, 84(1),	71–82.

Bowles,	T.	M.,	Jackson,	L.	E.,	&	Cavagnaro,	T.	R.	(2018).	Mycorrhizal	fungi	
enhance plant nutrient acquisition and modulate nitrogen loss with 
variable water regimes. Global Change Biology, 24(1),	E171–E182.

Brundrett,	M.	C.	 (2002).	Coevolution	of	 roots	and	mycorrhizas	of	 land	
plants. New Phytologist, 154(2),	275–304.

Chen,	K.,	Huo,	T.,	Zhang,	Y.,	Guo,	T.,	&	Liang,	J.	(2023).	Response	of	soil	
organic carbon decomposition to intensified water variability co- 
determined by the microbial community and aggregate changes 
in a temperate grassland soil of northern China. Soil Biology & 
Biochemistry, 176, 108875.

Cheng, L., Booker, F. L., Tu, C., Burkey, K. O., Zhou, L. S., Shew, H. D., 
Rufty,	 T.	W.,	 &	Hu,	 S.	 J.	 (2012).	 Arbuscular	mycorrhizal	 fungi	 in-
crease organic carbon decomposition under elevated CO2. Science, 
337(6098),	1084–1087.

Cheng,	S.,	Zou,	Y.	N.,	Kuca,	K.,	Hashem,	A.,	Allah,	E.	F.	A.,	&	Wu,	Q.	S.	
(2021). Elucidating the mechanisms underlying enhanced drought 
tolerance in plants mediated by arbuscular mycorrhizal fungi. 
Frontiers in Microbiology, 12, 809473.

Cosme,	M.	(2023).	Mycorrhizas	drive	the	evolution	of	plant	adaptation	to	
drought. Communications Biology, 6, 346.

Delgado-	Baquerizo,	M.,	Eldridge,	D.	J.,	Ochoa,	V.,	Gozalo,	B.,	Singh,	B.	K.,	
&	Maestre,	F.	T.	(2017).	Soil	microbial	communities	drive	the	resis-
tance of ecosystem multifunctionality to global change in drylands 
across the globe. Ecology Letters, 20(10),	1295–1305.

Delgado-	Baquerizo,	M.,	Maestre,	F.	T.,	Reich,	P.	B.,	Jeffries,	T.	C.,	Gaitan,	
J.	J.,	Encinar,	D.,	Berdugo,	M.,	Campbell,	C.	D.,	&	Singh,	B.	K.	(2016).
Microbial	 diversity	 drives	multifunctionality	 in	 terrestrial	 ecosys-
tems. Nature Communications, 7, 10541.

Denef,	 K.,	 Six,	 J.,	 Bossuyt,	 H.,	 Frey,	 S.	 D.,	 Elliott,	 E.	 T.,	Merckx,	 R.,	 &	
Paustian, K. (2001). Influence of dry- wet cycles on the interrela-
tionship between aggregate, particulate organic matter, and micro-
bial community dynamics. Soil Biology & Biochemistry, 33(12–13),	
1599–1611.

Dickie,	I.	A.,	Alexander,	I.,	Lennon,	S.,	Öpik,	M.,	Selosse,	M.	A.,	van	der	
Heijden,	M.	G.	A.,	&	Martin,	F.	M.	(2015).	Evolving	insights	to	under-
standing mycorrhizas. New Phytologist, 205(4),	1369–1374.

Drigo, B., Pijl, A. S., Duyts, H., Kielak, A., Gamper, H. A., Houtekamer, 
M. J.,	Boschker,	H.	T.	S.,	Bodelier,	P.	L.	E.,	Whiteley,	A.	S.,	van
Veen,	 J.	 A.,	 &	 Kowalchuk,	 G.	 A.	 (2010).	 Shifting	 carbon	 flow
from roots into associated microbial communities in response
to elevated atmospheric CO2. Proceedings of the National 
Academy of Sciences of the United States of America, 107(24), 
10938–10942.

Emmett,	 B.	 D.,	 Lévesque-	Tremblay,	 V.,	 &	 Harrison,	 M.	 J.	 (2021).	
Conserved and reproducible bacterial communities associate with 

extraradical hyphae of arbuscular mycorrhizal fungi. ISME Journal, 
15(8),	2276–2288.

Frey,	S.	D.	(2019).	Mycorrhizal	fungi	as	mediators	of	soil	organic	matter	
dynamics. Annual Review of Ecology, Evolution, and Systematics, 50, 
237–259.

Gong,	H.	Y.,	du,	Q.,	Xie,	S.	B.,	Hu,	W.	G.,	Akram,	M.	A.,	Hou,	Q.	Q.,	Dong,	
L. W.,	Sun,	Y.,	Manan,	A.,	Deng,	Y.,	Ran,	J.,	&	Deng,	J.	 (2021).	Soil	
microbial DNA concentration is a powerful indicator for estimating 
soil microbial biomass C and N across arid and semi- arid regions in
northern China. Applied Soil Ecology, 160, 103869.

Hedges,	L.	V.,	Gurevitch,	J.,	&	Curtis,	P.	S.	 (1999).	The	meta-	analysis	of	
response ratios in experimental ecology. Ecology, 80(4),	1150–1156.

Hestrin,	 R.,	 Kan,	M.	 G.,	 Lafler,	 M.,	Wollard,	 J.,	 Kimbrel,	 J.	 A.,	 Ray,	 P.,	
Blazewicz,	S.	J.,	Stuart,	R.,	Craven,	K.,	Firestone,	M.,	Nuccio,	E.	E.,	&	
Pett-	Ridge,	J.	(2022).	Plant-	associated	fungi	support	bacterial	resil-
ience following water limitation. ISME Journal, 16(12),	2752–2762.

Ho,	 J.,	 Tumkaya,	 T.,	 Aryal,	 S.,	 Choi,	 H.,	 &	 Claridge-	Chang,	 A.	 (2019).	
Moving	beyond	P values: Data analysis with estimation graphics. 
Nature Methods, 16(7),	565–566.

Hoeksema,	J.	D.,	Chaudhary,	V.	B.,	Gehring,	C.	A.,	Johnson,	N.	C.,	Karst,	
J.,	Koide,	R.	T.,	Pringle,	A.,	Zabinski,	C.,	Bever,	J.	D.,	Moore,	J.	C.,	
Wilson,	G.	W.	 T.,	 Klironomos,	 J.	N.,	 &	Umbanhowar,	 J.	 (2010).	 A	
meta- analysis of context- dependency in plant response to inocula-
tion with mycorrhizal fungi. Ecology Letters, 13(3),	394–407.

Hoover,	D.	L.,	Hajek,	O.	L.,	Smith,	M.	D.,	Wilkins,	K.,	Slette,	I.	J.,	&	Knapp,	
A. K. (2022). Compound hydroclimatic extremes in a semi- arid 
grassland: Drought, deluge, and the carbon cycle. Global Change 
Biology, 28(8),	2611–2621.

IPCC. (2021). Climate change 2021: The physical science basis: 
Contribution of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge University 
Press.

Jackson,	C.	R.,	 Tyler,	H.	 L.,	&	Millar,	 J.	 J.	 (2013).	Determination	of	mi-
crobial extracellular enzyme activity in waters, soils, and sediments 
using high throughput microplate assays. Journal of Visualized 
Experiments, 80, e50399.

Jakobsen,	 I.,	Abbott,	L.	K.,	&	Robson,	A.	D.	 (1992).	External	hyphae	of	
vesicular- arbuscular mycorrhizal fungi associated with Trifolium 
subterraneum L. 1. Spread of hyphae and phosphorus inflow into 
roots. New Phytologist, 120(3),	371–380.

Jakobsen,	I.,	&	Rosendahl,	L.	(1990).	Carbon	flow	into	soil	and	external	
hyphae from roots of mycorrhizal cucumber plants. New Phytologist, 
115(1),	77–83.

Ji,	L.	L.,	Tan,	W.	F.,	&	Chen,	X.	H.	(2019).	Arbuscular	mycorrhizal	myce-
lial networks and glomalin- related soil protein increase soil aggre-
gation in Calcaric Regosol under well- watered and drought stress 
conditions. Soil & Tillage Research, 185,	1–8.

Jiang,	 F.	 Y.,	 Zhang,	 L.,	 Zhou,	 J.	 C.,	 George,	 T.	 S.,	 &	 Feng,	 G.	 (2021).	
Arbuscular mycorrhizal fungi enhance mineralisation of organic 
phosphorus by carrying bacteria along their extraradical hyphae. 
New Phytologist, 230(1),	304–315.

Johnson,	D.,	Leake,	J.	R.,	&	Read,	D.	J.	(2001).	Novel	in-	growth	core	sys-
tem enables functional studies of grassland mycorrhizal mycelial 
networks. New Phytologist, 152(3),	555–562.

Kaiser,	C.,	Kilburn,	M.	R.,	Clode,	P.	L.,	Fuchslueger,	L.,	Koranda,	M.,	Cliff,	J.	
B.,	Solaiman,	Z.	M.,	&	Murphy,	D.	V.	(2015).	Exploring	the	transfer	of	
recent	plant	photosynthates	to	soil	microbes:	Mycorrhizal	pathway	
vs direct root exudation. New Phytologist, 205(4),	1537–1551.

Kakouridis,	A.,	Yuan,	M.	T.,	Nuccio,	E.	E.,	Hagen,	J.	A.,	Fossum,	C.	A.,	
Moore,	M.	L.,	Estera-	Molina,	K.	Y.,	Nico,	P.	S.,	Weber,	P.	K.,	Pett-	
Ridge,	J.,	&	Firestone,	M.	K.	 (2024).	Arbuscular	mycorrhiza	con-
vey significant plant carbon to a diverse hyphosphere microbial 
food web and mineral- associated organic matter. New Phytologist, 
242,	1661–1675.

Kemper,	W.	D.,	&	Rosenau,	R.	C.	(1986).	Aggregate	stability	and	size	dis-
tribution. In A. Klute (Ed.), Methods of soil analysis: Part 1 Physical 



|  13 of 14TANG et al.

mineralogical methods.	Soil	Science	Society	of	America.	(Vol.	5, pp. 
425–442).

Koricheva,	J.,	&	Gurevitch,	J.	(2014).	Uses	and	misuses	of	meta-	analysis	in	
plant ecology. Journal of Ecology, 102(4),	828–844.

Lajeunesse,	M.	J.	(2016).	Facilitating	systematic	reviews,	data	extraction	
and meta- analysis with the metagear package for r. Methods in 
Ecology and Evolution, 7(3),	323–330.

Lehto,	T.,	&	Zwiazek,	J.	J.	(2011).	Ectomycorrhizas	and	water	relations	of	
trees: A review. Mycorrhiza, 21(2),	71–90.

Leifheit,	E.	F.,	Verbruggen,	E.,	&	Rillig,	M.	C.	(2014).	Rotation	of	hyphal	in-	
growth cores has no confounding effects on soil abiotic properties. 
Soil Biology & Biochemistry, 79,	78–80.

Li,	J.	Q.,	Zhang,	T.,	Meng,	B.,	Rudgers,	J.	A.,	Cui,	N.,	Zhao,	T.	H.,	Chai,	H.,	
Yang,	X.	C.,	Sternberg,	M.,	&	Sun,	W.	(2023).	Disruption	of	fungal	
hyphae suppressed litter- derived C retention in soil and N trans-
location to plants under drought- stressed temperate grassland. 
Geoderma, 432, 116396.

López-	García,	Á.,	Varela-	Cervero,	S.,	Vasar,	M.,	Öpik,	M.,	Barea,	J.	M.,	&	
Azcón-	Aguilar,	C.	 (2017).	 Plant	 traits	 determine	 the	phylogenetic	
structure of arbuscular mycorrhizal fungal communities. Molecular 
Ecology, 26(24),	6948–6959.

Lorber, A. (1986). Error propagation and figures of merit for quantifi-
cation by solving matrix equations. Analytical Chemistry, 58(6), 
1167–1172.

Lozano,	Y.	M.,	Aguilar-	Trigueros,	C.	A.,	Flaig,	I.	C.,	&	Rillig,	M.	C.	(2020).	
Root trait responses to drought are more heterogeneous than leaf 
trait responses. Functional Ecology, 34(11),	2224–2235.

Lozano,	Y.	M.,	Aguilar-	Trigueros,	C.	A.,	Onandia,	G.,	Maass,	S.,	Zhao,	T.	
T.,	&	Rillig,	M.	C.	 (2021).	Effects	of	microplastics	and	drought	on	
soil ecosystem functions and multifunctionality. Journal of Applied 
Ecology, 58(5),	988–996.

Luginbuehl,	L.	H.,	Menard,	G.	N.,	Kurup,	S.,	Van	Erp,	H.,	Radhakrishnan,	
G. V.,	Breakspear,	A.,	Oldroyd,	G.	E.	D.,	&	Eastmond,	P.	J.	 (2017).	
Fatty acids in arbuscular mycorrhizal fungi are synthesized by the
host plant. Science, 356(6343),	1175–1178.

Manning,	 P.,	 van	 der	 Plas,	 F.,	 Soliveres,	 S.,	 Allan,	 E.,	 Maestre,	 F.	 T.,	
Mace,	G.,	Whittingham,	M.	 J.,	 &	 Fischer,	M.	 (2018).	 Redefining	
ecosystem multifunctionality. Nature Ecology & Evolution, 2(3), 
427–436.

Manzoni,	S.,	Schimel,	J.	P.,	&	Porporato,	A.	(2012).	Responses	of	soil	mi-
crobial communities to water stress: Results from a meta- analysis. 
Ecology, 93(4),	930–938.

McGonigle,	T.	P.,	Miller,	M.	H.,	Evans,	D.	G.,	Fairchild,	G.	L.,	&	Swan,	J.	
A. (1990). A new method which gives an objective measure of col-
onization of roots by vesicular- arbuscular mycorrhizal fungi. New 
Phytologist, 115(3),	495–501.

Mosse,	 B.	 (1959).	 Observations	 on	 the	 extra-	matrical	 mycelium	 of	
a vesicular- arbuscular endophyte. Transactions of the British 
Mycological Society, 42(4),	439–448.

Nuccio,	E.	E.,	Hodge,	A.,	Pett-	Ridge,	 J.,	Herman,	D.	 J.,	Weber,	P.	K.,	&	
Firestone,	M.	K.	 (2013).	An	arbuscular	mycorrhizal	 fungus	signifi-
cantly modifies the soil bacterial community and nitrogen cycling 
during litter decomposition. Environmental Microbiology, 15(6), 
1870–1881.

Orwin,	K.	H.,	&	Wardle,	D.	A.	 (2004).	New	 indices	 for	quantifying	 the	
resistance and resilience of soil biota to exogenous disturbances. 
Soil Biology & Biochemistry, 36(11),	1907–1912.

Pinchuk,	 G.	 E.,	 Ammons,	 C.,	 Culley,	 D.	 E.,	 Li,	 S.	M.	W.,	McLean,	 J.	 S.,	
Romine,	M.	F.,	Nealson,	K.	H.,	 Fredrickson,	 J.	K.,	&	Beliaev,	A.	 S.	
(2008). Utilization of DNA as a sole source of phosphorus, carbon, 
and energy by Shewanella spp.: Ecological and physiological impli-
cations for dissimilatory metal reduction. Applied and Environmental 
Microbiology, 74(4),	1198–1208.

Püschel,	D.,	Bitterlich,	M.,	Rydlová,	J.,	&	Jansa,	J.	(2020).	Facilitation	of	
plant water uptake by an arbuscular mycorrhizal fungus: A Gordian 
knot of roots and hyphae. Mycorrhiza, 30(2–3),	299–313.

Püschel,	D.,	Bitterlich,	M.,	Rydlová,	J.,	&	Jansa,	J.	(2021).	Drought	accen-
tuates the role of mycorrhiza in phosphorus uptake. Soil Biology & 
Biochemistry, 157, 108243.

R Development Core Team. (2019). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.

Rillig,	M.	C.,	 Field,	C.	B.,	&	Allen,	M.	F.	 (1999).	 Soil	 biota	 responses	 to	
long- term atmospheric CO2 enrichment in two California annual 
grasslands. Oecologia, 119(4),	572–577.

Rillig,	 M.	 C.,	 Mardatin,	 N.	 F.,	 Leifheit,	 E.	 F.,	 &	 Antunes,	 P.	 M.	 (2010).	
Mycelium	of	arbuscular	mycorrhizal	 fungi	 increases	soil	water	re-
pellency and is sufficient to maintain water- stable soil aggregates. 
Soil Biology & Biochemistry, 42(7),	1189–1191.

Rillig,	M.	C.,	&	Mummey,	D.	 L.	 (2006).	Mycorrhizas	 and	 soil	 structure.	
New Phytologist, 171(1),	41–53.

Rillig,	M.	C.,	Ryo,	M.,	Lehmann,	A.,	Aguilar-	Trigueros,	C.	A.,	Buchert,	S.,	
Wulf,	A.,	Iwasaki,	A.,	Roy,	J.,	&	Yang,	G.	W.	(2019).	The	role	of	mul-
tiple global change factors in driving soil functions and microbial 
biodiversity. Science, 366(6467), 886.

Romero,	F.,	Argüello,	A.,	de	Bruin,	S.,	&	van	der	Heijden,	M.	G.	A.	(2023).	
The plant- mycorrhizal fungi collaboration gradient depends on 
plant functional group. Functional Ecology, 37(9),	2386–2398.

Schimel,	J.	P.	(2018).	Life	in	dry	soils:	Effects	of	drought	on	soil	microbial	
communities and processes. Annual Review of Ecology, Evolution, and 
Systematics, 49,	409–432.

Šmilauer,	 P.,	 Košnar,	 J.,	 Kotilinek,	 M.,	 &	 Šmilauerová,	 M.	 (2020).	
Contrasting effects of host identity, plant community, and local 
species pool on the composition and colonization levels of arbus-
cular mycorrhizal fungal community in a temperate grassland. New 
Phytologist, 225(1),	461–473.

Tang,	B.,	Man,	J.,	Lehmann,	A.,	&	Rillig,	M.	C.	(2023).	Arbuscular	mycor-
rhizal fungi benefit plants in response to major global change fac-
tors. Ecology Letters, 26(12),	2087–2097.

Taylor,	J.	P.,	Wilson,	B.,	Mills,	M.	S.,	&	Burns,	R.	G.	 (2002).	Comparison	
of microbial numbers and enzymatic activities in surface soils and 
subsoils using various techniques. Soil Biology & Biochemistry, 34(3), 
387–401.

Tecon,	R.,	&	Or,	D.	(2017).	Biophysical	processes	supporting	the	diversity	
of microbial life in soil. FEMS Microbiology Reviews, 41(5),	599–623.

Tisserant,	E.,	Malbreil,	M.,	Kuo,	A.,	Kohler,	A.,	Symeonidi,	A.,	Balestrini,	
R., Charron, P., Duensing, N., Frei dit Frey, N., Gianinazzi- Pearson, 
V.,	Gilbert,	L.	B.,	Handa,	Y.,	Herr,	J.	R.,	Hijri,	M.,	Koul,	R.,	Kawaguchi,	
M.,	Krajinski,	F.,	Lammers,	P.	J.,	Masclaux,	F.	G.,	…	Martin,	F.	(2013).	
Genome of an arbuscular mycorrhizal fungus provides insight into 
the oldest plant symbiosis. Proceedings of the National Academy of 
Sciences of the United States of America, 110(50),	20117–20122.

Wagg,	C.,	Bender,	S.	F.,	Widmer,	F.,	&	van	der	Heijden,	M.	G.	A.	(2014).	
Soil biodiversity and soil community composition determine eco-
system multifunctionality. Proceedings of the National Academy of 
Sciences of the United States of America, 111(14),	5266–5270.

Wang,	 G.	 W.,	 Jin,	 Z.	 X.,	 George,	 T.	 S.,	 Feng,	 G.,	 &	 Zhang,	 L.	 (2023).	
Arbuscular mycorrhizal fungi enhance plant phosphorus uptake 
through stimulating hyphosphere soil microbiome functional pro-
files for phosphorus turnover. New Phytologist, 238(6),	2578–2593.

Wilson,	G.	W.	T.,	Rice,	C.	W.,	Rillig,	M.	C.,	Springer,	A.,	&	Hartnett,	D.	C.	
(2009). Soil aggregation and carbon sequestration are tightly cor-
related with the abundance of arbuscular mycorrhizal fungi: Results 
from long- term field experiments. Ecology Letters, 12(5),	452–461.

Wu,	 S.,	 Fu,	W.,	 Rillig,	M.	 C.,	 Chen,	 B.,	 Zhu,	 Y.	G.,	 &	Huang,	 L.	 (2023).	
Soil organic matter dynamics mediated by arbuscular mycorrhizal 
fungi–an	 updated	 conceptual	 framework.	 New Phytologist, 242, 
1417–1425.

Yang,	G.	W.,	Ryo,	M.,	Roy,	J.,	Lammel,	D.	R.,	Ballhausen,	M.	B.,	Jing,	X.,	
Zhu,	X.	F.,	&	Rillig,	M.	C.	(2022).	Multiple	anthropogenic	pressures	
eliminate the effects of soil microbial diversity on ecosystem func-
tions in experimental microcosms. Nature Communications, 13, 
4260.



14 of 14  | TANG et al.

Zhang,	L.,	Feng,	G.,	&	Declerck,	S.	(2018).	Signal	beyond	nutrient,	fruc-
tose, exuded by an arbuscular mycorrhizal fungus triggers phytate 
mineralization by a phosphate solubilizing bacterium. ISME Journal, 
12(10),	2339–2351.

Zhang,	 L.,	 Zhou,	 J.	 C.,	 George,	 T.	 S.,	 Limpens,	 E.,	 &	 Feng,	 G.	 (2022).	
Arbuscular mycorrhizal fungi conducting the hyphosphere bacterial 
orchestra. Trends in Plant Science, 27(4),	402–411.

DATA S O U RC E S
Bi,	Y.,	 Zhang,	Y.,	 Jiang,	B.,	&	Qiu,	 L.	 (2019).	 Effects	of	AM	 fungi	 and	phosphate-	

solubilizing bacteria inoculation on maize growth and soil fertility under water 
stress. Journal of China Coal Society, 44,	3655–3661.

Bowles,	T.	M.,	Barrios-	Masias,	F.	H.,	Carlisle,	E.	A.,	Cavagnaro,	T.	R.,	&	Jackson,	L.	
E. (2016). Effects of arbuscular mycorrhizae on tomato yield, nutrient uptake, 
water relations, and soil carbon dynamics under deficit irrigation in field condi-
tions. Science of the Total Environment, 566,	1223–1234.

Chen,	W.,	Meng,	P.,	Feng,	H.,	&	Wang,	C.	 (2020).	Effects	of	arbuscular	mycorrhi-
zal fungi on growth and physiological performance of Catalpa bungei	CAMey.	
Under drought stress. Forests, 11(10), 1117.

Cheng,	H.-	Q.,	Giri,	B.,	Wu,	Q.-	S.,	Zou,	Y.-	N.,	&	Kuca,	K.	(2022).	Arbuscular	mycor-
rhizal fungi mitigate drought stress in citrus by modulating root microenviron-
ment. Archives of Agronomy and Soil Science, 68(9),	1217–1228.

Davies,	 F.	 T.,	 Potter,	 J.	 R.,	 &	 Linderman,	 R.	 G.	 (1992).	Mycorrhiza	 and	 repeated	
drought exposure affect drought resistance and extraradical hyphae develop-
ment of pepper plants independent of plant size and nutrient content. Journal 
of Plant Physiology, 139(3),	289–294.

Duan,	H.-	X.,	 Luo,	C.-	L.,	Zhou,	R.,	Zhao,	L.,	Zhu,	S.-	G.,	Chen,	Y.,	Zhu,	Y.,	&	Xiong,	
Y.-	C.	 (2023).	 AM	 fungus	 promotes	 wheat	 grain	 filling	 via	 improving	 rhizo-
spheric	water	&	nutrient	 availability	under	drought	 and	 low	density.	Applied 
Soil Ecology, 193, 105159.

Geneva,	 M.,	 Kirova,	 E.,	 Sichanova,	 M.,	 Stancheva,	 I.,	 &	 Zayova,	 E.	 (2023).	
Physiological analysis of drought stress influenced by Claroideoglomus claroi-
deum inoculation of in vitro or seed- propagated coleus forskohlii Briq plants. 
Biologia, 78(3),	641–654.

Guo,	J.	(2020).	Effects of soil moisture content and arbuscular mycorrhizal symbiosis on 
the growth of Monochasma savatieri Franch	(Master	thesis).	Nanjing	Agricultural	
University.

Han,	Y.	Y.,	Zhang,	W.	R.,	Xu,	T.	Y.,	&	Tang,	M.	(2022).	Effect	of	arbuscular	mycorrhizal	
fungi and phosphorus on drought- induced oxidative stress and 14- 3- 3 proteins 
gene expression of Populus cathayana. Frontiers in Microbiology, 13, 934964.

Hestrin,	R.,	Kan,	M.,	Lafler,	M.,	Wollard,	J.,	Kimbrel,	J.	A.,	Ray,	P.,	Blazewicz,	S.	J.,	
Stuart,	R.,	Craven,	K.,	Firestone,	M.,	Nuccio,	E.	E.,	&	Pett-	Ridge,	J.	(2022).	Plant-	
associated fungi support bacterial resilience following water limitation. ISME 
Journal, 16(12),	2752–2762.

Hoang,	D.	T.	T.,	Rashtbari,	M.,	Anh,	L.	T.,	Wang,	S.,	Tu,	D.	T.,	Hiep,	N.	V.,	&	Razavi,	
B.	S.	(2022).	Mutualistic	interaction	between	arbuscular	mycorrhiza	fungi	and	
soybean roots enhances drought resistant through regulating glucose exu-
dation and rhizosphere expansion. Soil Biology & Biochemistry, 171, 108728.

Hu,	Z.,	Liu,	L.,	Chen,	L.,	Ma,	C.,	&	Chen,	L.	(2018).	Effects	of	arbuscular	mycorrhizal	
fungi on antioxidant metabolism and rhizospheric micro- organism of soybean 
(Glycine max) under drought stress. Chinese Journal of Eco- Agriculture, 26(4), 
526–537.

Ji,	 L.,	 Tan,	W.,	 &	 Chen,	 X.	 (2019).	 Arbuscular	 mycorrhizal	 mycelial	 networks	 and	
glomalin- related soil protein increase soil aggregation in Calcaric Regosol under 
well- watered and drought stress conditions. Soil & Tillage Research, 185,	1–8.

Kang, F. (2013). Effects of AMF and intercropping with soybean on rhizospheric micro- 
ecological characteristics of kumquat under drought resistance	 (Master	 thesis).	
Guangxi Normal University.

Kohler,	J.,	Caravaca,	F.,	&	Roldan,	A.	(2009).	Effect	of	drought	on	the	stability	of	rhi-
zosphere soil aggregates of Lactuca sativa grown in a degraded soil inoculated 
with	PGPR	and	AM	fungi.	Applied Soil Ecology, 42(2),	160–165.

Lazcano,	 C.,	 Barrios-	Masias,	 F.	H.,	 &	 Jackson,	 L.	 E.	 (2014).	 Arbuscular	mycorrhi-
zal effects on plant water relations and soil greenhouse gas emissions under 
changing moisture regimes. Soil Biology & Biochemistry, 74,	184–192.

Lehmann,	A.,	Leifheit,	E.	F.,	Feng,	L.,	Bergmann,	J.,	Wulf,	A.,	&	Rillig,	M.	C.	(2022).	
Microplastic	fiber	and	drought	effects	on	plants	and	soil	are	only	slightly	modi-
fied by arbuscular mycorrhizal fungi. Soil Ecology Letters, 4(1),	32–44.

Li,	M.,	&	Cai,	L.	(2021).	Biochar	and	arbuscular	mycorrhizal	fungi	play	different	roles	
in enabling maize to uptake phosphorus. Sustainability, 13(6), 3244.

Li,	Y.,	Li,	L.,	Zhang,	B.,	Lu,	Y.,	Feng,	M.,	Wang,	C.,	Song,	X.,	Yang,	W.,	&	Zhang,	
M. (2023).	AMF	 inoculation	positively	 regulates	 soil	microbial	 activity	and
drought tolerance of oat. Journal of Plant Nutrition and Fertitizer, 29(6), 
1135–1149.

Monokrousos,	N.,	Papatheodorou,	E.	M.,	Orfanoudakis,	M.,	Jones,	D.-	G.,	Scullion,	
J.,	&	Stamou,	G.	P.	(2020).	The	effects	of	plant	type,	AMF	inoculation	and	water	
regime on rhizosphere microbial communities. European Journal of Soil Science, 
71(2),	265–278.

Nikolaidou,	C.,	Monokrousos,	N.,	Kapagianni,	P.	D.,	Orfanoudakis,	M.,	Dermitzoglou,	
T.,	&	Papatheodorou,	E.	M.	(2021).	The	effect	of	Rhizophagus irregularis, Bacillus 
subtilis and water regime on the plant- microbial soil system: The case of Lactuca 
sativa. Agronomy- Basel, 11(11), 2183.

Silva,	A.	M.	M.,	Jones,	D.	L.,	Chadwick,	D.	R.,	Qi,	X.,	Cotta,	S.	R.,	Araújo,	V.,	Matteoli,	
F.	P.,	Lacerda-	Júnior,	G.	V.,	Pereira,	A.	P.	A.,	Fernandes-	Júnior,	P.	I.,	&	Cardoso,	
E.	J.	B.	N.	(2023).	Can	arbuscular	mycorrhizal	fungi	and	rhizobacteria	facilitate	
33P uptake in maize plants under water stress? Microbiological Research, 271, 
127350.

Tahiri,	A.-	i.,	Meddich,	A.,	Raklami,	A.,	Alahmad,	A.,	Bechtaoui,	N.,	Anli,	M.,	Gottfert,	
M.,	Heulin,	T.,	Achouak,	W.,	&	Oufdou,	K.	(2022).	Assessing	the	potential	role	
of	 compost,	 PGPR,	 and	 AMF	 in	 improving	 tomato	 plant	 growth,	 yield,	 fruit	
quality, and water stress tolerance. Journal of Soil Science and Plant Nutrition, 
22(1),	743–764.

Wang,	 X.	 (2023).	 Studies on the growth- promoting effect of arbuscular mycorrhizal 
fungi on mulberry saplings under water stress	(Master	thesis).	Chongqing	Three	
Gorges University.

Wang,	 Y.-	J.,	 He,	 X.-	H.,	 Meng,	 L.-	L.,	 Zou,	 Y.-	N.,	 &	Wu,	 Q.-	S.	 (2023).	 Extraradical	
mycorrhizal hyphae promote soil carbon sequestration through difficultly ex-
tractable glomalin- related soil protein in response to soil water stress. Microbial 
Ecology, 86(2),	1023–1034.

Wu,	H.	H.,	Zou,	Y.	N.,	&	Wu,	Q.	S.	(2018).	Effects	of	arbuscular	mycorrhizal	fungi	on	
root morphology, endogenous hormones and soil structure of Citrus aurantium 
under drought stress. South China Fruits, 47(3),	14–17.

Wu,	Q.-	S.,	Xia,	R.-	X.,	&	Zou,	Y.-	N.	(2008).	Improved	soil	structure	and	citrus	growth	
after inoculation with three arbuscular mycorrhizal fungi under drought stress. 
European Journal of Soil Biology, 44(1),	122–128.

Wu,	Q.-	S.,	Zou,	Y.-	N.,	&	He,	X.-	H.	(2011).	Differences	of	hyphal	and	soil	phospha-
tase activities in drought- stressed mycorrhizal trifoliate orange Poncirus trifoli-
ata seedlings. Scientia Horticulturae, 129(2),	294–298.

Wu,	X.,	An,	J.,	&	Xiao,	J.	 (2014).	Studies	on	mechanisms	underlying	promotion	of	
arbuscular mycorrhizas on drought resistance in Bahia grass. Journal of Anhui 
Normal University, 37(1),	47–52.

Xu,	Q.,	Liu,	X.,	Xu,	X.,	Li,	Q.,	Zhang,	H.,	&	Xiao,	J.	(2016).	Effects	of	four	arbuscu-
lar mycorrhizal fungi on tolerance of Vaccinium corymbosum to drought stress. 
Journal of Zhejiang University. Agriculture and Life Sciences, 42(4),	427–434.

Ye,	J.,	Li,	T.,	Hu,	Y.,	Hao,	Z.,	Gao,	Y.,	Wang,	Y.,	&	Chen,	B.	(2013).	Influences	of	AM	
fungi on plant growth and water- stable soil aggregates under drought stresses. 
Acta Ecologica Sinica, 33(4),	1080–1090.

Zhang,	B.,	Lyu,	Y.,	Li,	L.,	Feng,	M.,	Wang,	C.,	Song,	X.,	Yang,	W.,	&	Zhang,	M.	(2023).	
Effects	 of	 AMF	 and	 phosphorus	 application	 on	 microbial	 biomass	 and	 en-
zyme activities in oat soil under drought stress. Chinese Journal of Ecology, 43, 
644–655.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Tang,	B.,	Man,	J.,	Lehmann,	A.,	&	
Rillig,	M.	C.	(2024).	Arbuscular	mycorrhizal	fungi	attenuate	
negative impact of drought on soil functions. Global Change 
Biology, 30, e17409. https://doi.org/10.1111/gcb.17409

https://doi.org/10.1111/gcb.17409

	Arbuscular mycorrhizal fungi attenuate negative impact of drought on soil functions
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Meta-analysis
	2.1.1|Data collection
	2.1.2|Calculation of effect size and variance

	2.2|Experiment
	2.2.1|Experimental design
	2.2.2|Soils, hyphal ingrowth cores and litter bags
	2.2.3|Microcosm establishment and watering treatments
	2.2.4|Sampling and measurements
	2.2.5|Assessing soil multifunctionality
	2.2.6|Assessing resistance of soil functions against drought

	2.3|Statistical analyses
	2.3.1|Meta-analysis
	2.3.2|Experiment


	3|RESULTS
	3.1|Meta-analysis
	3.2|Experiment
	3.2.1|Validation of experimental methods
	3.2.2|Responses of soil functions and multifunctionality to AM fungi, watering amount and frequency, and plant species
	3.2.3|Effects of AM fungi on responses of soil functions and multifunctionality to drought


	4|DISCUSSION
	4.1|Positive effects of AM fungi on soil functions and multifunctionality
	4.2|AM fungi attenuate the negative impact of drought on soil functions and multifunctionality

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT



