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Experimental duration
determines the effect of
arbuscular mycorrhizal fungi
on plant biomass in pot
experiments: A meta-analysis
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Arbuscular mycorrhizal fungi (AMF) play various important roles in promoting

plant growth. Numerous environmental and evolutionary factors influence the

response of plants to AMF. However, the importance of the individual factors

on the effects of AMF on plant biomass is not clearly understood. In this study, a

meta-analysis using 1,640 observations from 639 published articles related to

the influence of AMF on the plant shoot, root, and total biomass was

performed; 13 different experimental setting factors that had an impact on

the influence of AMF and their importance were quantitatively synthesized. The

meta-analysis showed that AMF had positive effects on the plant shoot, root,

and total biomass; moreover, the experimental duration, plant root-to-shoot

ratio (R/S), AMF root length colonization, plant family, pot size, soil texture, and

the soil pH all influenced the effects of AMF on the shoot, root, and total

biomass. In addition, the plant root system and plant functional type had

impacts on the effect of AMF on shoot biomass; AMF guild also impacted the

effect of AMF on root biomass. Of these factors, the experimental duration,

plant R/S, and pot size were the three most important predicting the effects of

AMF on the plant shoot, root, and total biomass. This study comprehensively

assessed the importance of the different factors that influenced the response of

plants to AMF, highlighting that the experimental duration, plant R/S, and pot

size should be taken into consideration in pot experiments in studies of the

functions of AMF. Multiple unfavorable factors that may obscure or confound

the observed functions of AMF should be excluded.

KEYWORDS

Arbuscular mycorrhizal fungi, effect size, plant biomass, experimental duration, root/
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Introduction

Arbuscular mycorrhizal fungi (AMF) are soilborne fungi

that associate symbiotically with the roots of terrestrial plants;

71% of vascular plant roots harbor AMF (Brundrett and

Tedersoo, 2018). Typically, AMF improve the plant nitrogen

and phosphorus contents (Hodge et al., 2010; Selosse and

Rousset, 2011), promote plant growth (Wagg et al., 2011), and

enhance the plant’s resistance to pathogens (Qin et al., 2021) and

tolerance to stress (Begum et al., 2019). Numerous studies have

demonstrated the influences of plant type, plant nutrient

stoichiometry (especially the nitrogen/phosphorus ratio, N/P),

and environmental factors (particularly soil fertility) on the

effect of AMF on plant growth (Hoeksema et al., 2010;

Johnson, 2010; Delavaux et al., 2017; Zhang et al., 2019). It is

essential to quantitatively determine the importance of each of

these biotic and abiotic factors on the effect of AMF on plant

growth for a more comprehensive understanding of the

functions of AMF and for their more efficient application

in ecosystems.

The percentage of AMF root length colonization (RLC) is

the primary indicator of the abundance of AMF within plants or

ecosystems and directly determines the degree of the symbiotic

relationship and nutrient exchange ratio between plants and

AMF (Batastini et al., 2021). Numerous studies on the

environmental changes and temporal variations that influence

AMF emphatically analyzed their impact on RLC (Johnson et al.,

2010; Liu et al., 2012; Jiang et al., 2018; Vieira Junior et al., 2020).

However, many quantitative studies have overlooked the

association between RLC and the functions of AMF

(Hoeksema et al., 2010; Lehmann et al., 2014; Leifheit et al.,

2014; Lehmann and Rillig, 2015; Zhang et al., 2019). Although

Treseder (2013) investigated the relationship between RLC and

the effects of AMF on plant growth using a meta-analysis, this

study lacked a comprehensive comparison with other factors,

such as the host type and soil texture. Therefore, it is pertinent to

investigate the importance of RLC in conjunction with multiple

factors affecting the functions of AMF.

Another gap in our knowledge is the relationship of the

functions of AMF with the plant biomass allocation strategy (as

represented by the root-to-shoot ratio, R/S). AMF are known to

help plants absorb numerous primary nutrients and non-

nutrients from the soil (Hodge et al., 2010; Bücking et al.,

2012; Delavaux et al., 2017). According to the optimal

partitioning theory, a plant allocates more biomass to the

organs for the most limiting resources (Johnson and Thornley,

1987), for example, to the shoot for acquiring light or CO2 and to

the root for acquiring water or nutrients. A high plant R/S

indicates that the plant allocates an appreciable proportion of its

biomass to the roots to promote the acquisition of soil resources;

therefore, plants with a high R/S may have greater dependence

on AMF compared to plants with a low R/S in terms of

absorbing soil resources (Kiers et al., 2011; Selosse and
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Rousset, 2011). A low plant R/S indicates that the plant

acquires more resources from aboveground; this may reduce

the plant’s carbon cost for AMF and restrict subsequent AMF

functions (Johnson, 2010; Konvalinková et al., 2015). Therefore,

we assumed that the plant R/S under non-AMF inoculation may

play an important role in predicting the effect of AMF on plant

growth, and this warrants investigation.

In this study, we conducted a meta-analysis to assess the

main biotic and abiotic factors that have an impact on the effect

of AMF on plant growth, particularly the RLC and plant R/S. We

also collected data regarding the plant family, life history,

functional type, root system, and the AMF species number

and guild, which were classified by the patterns of the biomass

allocation of AMF in roots or soil (Weber et al., 2019). In

addition, we also considered the experimental setting, including

the soil pH, available phosphorus (AP), soil texture,

experimental duration, and pot size. These factors have been

routinely considered in other meta-analysis studies on the

functions of AMF (Hoeksema et al., 2010; Lehmann et al.,

2014; Leifheit et al., 2014; Lehmann and Rillig, 2015; Zhang

et al., 2019). In this study, we first examined the significance of

these factors on the effect of AMF on plant growth; subsequently,

the factors found significant were used to build a model to

calculate the importance of the influence of each on the

functions of AMF in promoting plant growth.
Materials and methods

Data collection

In August 2020, theWeb of Science database was used to gather

articles using the following the search strings: ‘((shoot AND root)

OR (aboveground OR belowground) AND biomass OR R/S OR

root/shoot OR (root: shoot) OR (root shoot ratio)) AND (AMFOR

(AM fung*) OR arbuscular OR mycorrhiza* OR Glomeromycota)’.

The literature search process is detailed in a PRISMA flow diagram

in Supplementary Figure S1. The mean values of the shoot, root,

and total dry biomass, and/or the plant R/S, and the corresponding

standard deviation (SD) and sample size (N) for AMF-inoculated

and non-inoculated plants were extracted from the selected articles.

In addition, the R/S data of non-inoculated and/or inoculated

(when reported) plants were extracted from the same articles. For

a more accurate estimate of the plant R/S, we only investigated

studies that were conducted in pot experimental settings.

Furthermore, we included only data on the functional organs

(shoots and roots) and excluded data on tubers and bulbs. We

finally included retrieved articles that fulfilled the following criteria:

a) the shoot, root, and/or total dry biomass of AMF-inoculated

plants and plants with corresponding control treatments in pot

conditions were reported; b) plants from the control treatment had

a maximum of 5% AMF RLC and inoculated plants had at least 5%

AMF RLC—this criterion could conservatively confirm whether the
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efficacy of AMF on plant growth was due to the ascertainable

colonization (Lehmann and Rillig, 2015); c) each pot experiment

was conducted with only one plant species to avoid interspecific

competition or facilitation effects between different species; and d)

the experimental duration was less than 1 year to avoid root mass

accumulation as a result of the aboveground plant parts dying.

Combination treatments (AMF inoculation with additional biotic

or abiotic treatments) were excluded to avoid possible interactions

with AMF. When data were presented only as graphs, we used

GetData Graph Digitizer 2.24 (http://getdata-graph-digitizer.com)

for data extraction. For articles using two or more plant varieties

that did not report the SD or standard error (SE), we calculated the

combined mean and SD from the means of the plant varieties. For

articles that reported only the SE, SDwas calculated as follows: SD =

SE * sqrt(N). If neither SD nor SE was reported, the SD was

calculated as 10% of the mean value (Brown et al., 2014; Zhou et al.,

2017). To increase our data coverage, the shoot and root biomass

data were combined to determine the total biomass if this

was unreported; the SD for the total biomass was calculated

according to the Taylor series expansion as follows: SDðtotal biomassÞ=
sqrt(SD2

(shoot biomass) + SD2
(root biomass)+ 2 ∗COVðshoot biomass, root biomassÞ

), where the shoot biomass and root biomass were presumed to be

two normally distributed independent variables (Lee and Forthofer,

2006); COV represents the covariance of the shoot and root

biomass. For a conservative estimate of the SD of the total

biomass, we defined COV as follows: COV = SD(shoot biomass) *

SD(root biomass) (by Cauchy–Schwarz inequality).
Moderator variables

To meet our research target, we chose 13 different moderator

variables for their potential to modulate the effects of AMF on

the plant shoot, root, and total biomass, as detailed below.
Fron
1. Plant root-to-shoot ratio (R/S): We chose the non-

inoculated plant R/S as a characteristic that excluded

the influence of AMF on plant carbon allocation. The

R/S of non-inoculated plants was recorded when

reported or was calculated by means of the root and

shoot biomass.

2. AMF root length colonization (RLC): This is the

infection rate of AMF intraradical hyphae in the

plant roots.

3. Host plant family: Families were divided into six

categories: Asteraceae, Fabaceae, Poaceae, Rutaceae,

Solanaceae, and others. Plant family observations less

than 50 were all grouped into “others.”

4. Host plant life history: History was categorized into

annual and perennial.

5. Host plant functional type: Functional type was either

herbaceous or woody.
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6. Root system: Root systems were classified as taproot

and fibrous root following the method of Yang et al.

(2015).

7. AMF number: Numbers were divided into single and

mixed, with mixed-species inoculation comprising

more than one AMF species.

8. AMF guild: The guilds for AMF species had

four levels—rhizophilic, edaphophilic, ancestral,

and mixed—which were classified according to

Weber et al. (2019). Briefly, the Glomeraceae,

Claroideoglomeraceae, and Paraglomeraceae families

belong to the rhizophilic guild, which allocates more

biomass to the roots, while Gigasporaceae and

Diversisporaceae belong to the edaphophilic guild,

which may allocate more biomass to the extraradical

hyphae in soil and have a higher ability to promote

plant nutrient uptake (Weber et al., 2019); the other

remaining families were grouped into the ancestral

guild. The mixed level for AMF guild had more than

one guild.

9. Pot size: This was a continuous variable that used the

soil weight (in kilograms) in the pots. Alternatively, we

either converted the provided value to a weight using

the bulk density of the soil that was reported or used a

bulk soil density of 1.3g/cm3, which was reported as a

global main bulk soil density measure (Shangguan

et al., 2014). We converted the pot sizes into three

categories (corresponding weight)—small (<1 kg),

medium (1–2.9 kg), and large (>2.9 kg)—with three

approximately equal numbers of observations.

10. Soil texture: Texture was either sandy or not sandy.

Soils with a sand content of more than 50% was

regarded as sandy, while those with less 50% sand

content were considered not sandy. These

classifications were in accordance with the soil

taxonomy of the USDA Natural Resources

Conservation Service (http://soils.usda.gov).

11. Soil available phosphorus (AP): Data on the Olsen-

extractable P for soil were recorded. When other

reagent methods were used for soil AP, these values

were converted to the Olsen-extractable P following

Wolf and Baker (1985). Subsequently, the soil AP

values were classified as either deficient (≤9 mg/kg)

or non-deficient (>9 mg/kg) according the definition of

Lehmann and Rillig (2015), as P fertilization under ≤9

mg/kg would generally improve plant growth.

12. Soil pH: There were three levels for this moderator—

acidic (pH< 6.6), neutral (pH = 6.6-7.3), and alkaline

(p> 7.3)—which followed the USDA criteria (http://

soils.usda.gov). The main reagent for soil pH was H2O;

data from the use of other reagents were converted into

H2O following Lierop (1981). For studies that did not

report the reagent, we assumed that H2O was used
frontiersin.org
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since it is the most commonly used reagent. We used

the pH–H2O data for this variable.

13. Experimental duration: This was used as a continuous

variable. We only considered the duration from when

plants were inoculated with AMF. Hoeksema et al.

(2010) showed that the plant tissue N/P also influences

the functions of AMF, but this was not reported in the

majority of the studies in our dataset. Thus, we did not

collect the plant N/P data for this study. To meet

normali ty , data on the RLC, R/S, and the

experimental duration were square-root (sqrt)

transformed.
Data analysis

All analyses were performed using R-4.1.3 (R Core Team,

2016). To measure the effect size of AMF, we calculated the

response of plants to AMF inoculation as the log response ratio

(RR) (Hedges et al., 1999), as follows: RR = ln ( Xt
Xs
), where Xt is

the mean plant biomass (the shoot, root, and total biomass) of

plants inoculated with AMF and Xs is the mean plant biomass in

the control treatment. The variance (Var) of each RR was

calculated as: Var(RR) = S2t
ntX2

t
+ S2c

ncX2
s
, where nt and nc are the

sample sizes of the AMF inoculation and the control groups,

respectively, while S2t and S2c are the SDs of the AMF inoculation

and the control treatment, respectively (Gurevitch et al., 2001).

In this study, a random effects model was used to calculate the

weighted response ratio (RR++) and the 95% confidence intervals

(CIs) using the rma function in the “metafor” package

(Viechtbauer, 2010). If the 95% CIs did not overlap with zero,

the RR++ was considered significant (p< 0.05). Observations that

had any RRs on the shoot, root, or total biomass with a

standardized residual value over the absolute value of 3 were

removed as extreme values (Anton et al., 2019; Batastini et al.,

2021). A failsafe-N analysis was used to assess the potential for

publication bias that will impact our results (Rosenberg, 2005).

The failsafe numbers for the shoot, root, and total biomass were

37,208,645, 37,966,268, and 86,730,903, respectively

(Supplementary Figure S2). These were all >39-fold the

threshold of 8,210, indicating no potential publication bias in

our results.

We used the rma function to fit a random effects model in

order to test the influence of moderators on the RR++, the

significance of the correlations between RR and the

continuous moderators, or the differences between any two

levels of each moderator. For this step, the response variable

was RR, the fixed effects were the moderators, and the

variance was the Var(RR). This method was also used to

examine the differences between the RRs on the shoot, root,

and total biomass. To visualize the results of the differences

between the levels of the moderators, we calculated the RR++
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and 95% CI for each level separately. To determine the

importance of the moderator that significantly influenced

the variations in the effect size of AMF on plant growth, a

weighted random forest analysis was conducted using the

MetaForest function in the “MetaForest” package (Van Lissa,

2017; Byrnes et al., 2018).
Results

In total, 639 published studies met the criteria, which

included 1,640 independent observations (Supplementary Data

File S1). After removal of the outliers, 1,620, 1,627, and 1,627

observations were retained for the meta-analysis of the shoot,

root, and total biomass, respectively. The inoculation of AMF in

pot experiments positively affected the plant shoot

(RR++= 0.498, 95% CI = 0.461–0.533), root (RR++ = 0.453,

95% CI = 0.417–0.488), and the total biomass (RR++ = 0.488,

95% CI = 0.453–0.524) (Figure 1).

The RRs on the shoot, root, and total biomass significantly

increased in response to the continuous moderators RLC and

experimental duration, while the RRs on the shoot and total

biomass significantly increased in response to plant R/S; in

contrast, the RR on root biomass significantly decreased

(Figure 2). However, all these linear relationships were weak,

with R2< 0.1. In pot experiments, inoculation with mixed AMF

species had no higher effect on plant biomass (Figure 3). The

AMF guild had significant influence only on the RR++ on root

biomass, of which ancestral AMF species showed a greater

increase in root biomass compared to edaphophilic and

rhizophilic AMF species (Figure 3B). Plant family showed a

significant influence on the RR++ on shoot, root, and total

biomass. For all three RR++, that of AMF in Solanaceae plants

was lower. In addition, the RR++ on shoot biomass in Poaceae

plants was significantly lower than that in Fabaceae (Figure 3A).

Both root system and plant functional type affected only the RR++

on shoot biomass, of which taproot or woody plants had higher

values (Figures 3, 4). Annual and perennial plants showed no

significantly different responses to AMF (Figure 4). The pot

experimental setting, including the pot size, soil texture, and

soil pH, but not soil AP, had significant effects on all three RR++.

The analysis found that AMF had higher RR++ on the shoot, root,

and total biomass in medium-sized pots, not sandy soils, or acidic

conditions (Figure 4).

The weighted random forest analysis showed that

experimental duration was the most important moderator of

the RR on the shoot, root, and total biomass (Figure 5). The

second most important moderator was plant R/S for both shoot

and total biomass, while it was pot size for root biomass. The

third most important moderator was pot size for shoot and total

biomass, while it was plant R/S for root biomass (Figure 5). The

weighted random forest analysis clearly revealed that the

experimental duration, plant R/S, and pot size were the three
frontiersin.org
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most important moderators determining the effects of AMF on

the shoot, root, and total biomass.
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Discussion

Previous studies found that the effect size of AMF on soil

aggregation (Leifheit et al., 2014) and iron concentration
FIGURE 2

Linear relationships between the effect size of arbuscular mycorrhizal fungi (AMF) on plant biomass (shoot, root, and total) and the AMF root
length colonization (RLC), plant root-to-shoot ratio (R/S), and experimental duration. The significance test for the linear relationship was based
on a random effects model with a residual maximum likelihood (REML) method. P-values ≤0.05 were considered significant. Values in
parentheses are the number of observations included in the analysis.
FIGURE 1

Effect of arbuscular mycorrhizal fungi (AMF) inoculation on the plant shoot, root, and total biomass.
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(Lehmann and Rillig, 2015) was higher at the intermediate

duration. However, we found that the effect of AMF on plant

growth increased with experimental duration in the individual

moderator test (Figure 2); moreover, the random effects model
Frontiers in Plant Science 06
confirmed that the experimental duration was the most

important moderator when also considering other moderators.

The main reason for this is the fact that soil aggregation or plant

iron would be depleted over time, while the biomass keeps
A B C

FIGURE 4

Effect of plant life history, plant functional type, pot size, soil texture, soil available phosphorus (AP), and soil pH on the effect size of arbuscular
mycorrhizal fungi (AMF) on plant shoot (A), root (B), and total (C) biomass. Values in parentheses are the number of observations included in the
analysis. The significance test for between-level differences was based on a random effects model with a residual maximum likelihood (REML)
method. P-values ≤0.05 were considered significant. Different capital letters indicate significant differences compared with the other groups as
assessed using a random effects model with a REML method.
A B C

FIGURE 3

Effect of arbuscular mycorrhizal fungi (AMF) number and guild, plant family, and root system on the effect size of AMF on plant shoot (A), root (B), and
total (C) biomass. Values in parentheses are the number of observations included in the analysis. The significance test for between-level differences
was based on a random effects model with a residual maximum likelihood (REML) method. P-values ≤0.05 were considered significant. Different
capital letters indicate significant differences compared with the other groups as assessed using a random effects model with a REML method.
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accumulating, even if the benefit of AMF decreases due to the

establishment of the plant root system or pot-bound roots at a

later duration, which also leads to the effect size on biomass

slowly increasing with experimental duration. This increasing

positive effect with experimental duration could also occur in

any pot experimental setting, which might explain why

experimental duration was the most important moderator.

Plants with a higher R/S showed greater increases of both shoot

and total biomass as a result of AMF inoculation, and this is

consistent with our assumptions. Surprisingly, R/S was negatively

correlated with the effect of AMF on the root biomass (Figure 2). It

is possible that, due to the more biomass plants allocated to roots (a

high R/S) for soil resources, AMF played a stronger functional

compensatory role, thereby alleviating the biomass allocation to the

roots. Furthermore, our results on total biomass contradicted those

of Azcón and Ocampo (1981) and Johnson (2010), which showed a

negative correlation between plant R/S and the effect of AMF on

total biomass.We believe in the higher reliability of our results since

we used a very large database that included numerous factors (more

than 100-fold that of Azcón and Ocampo). Earlier studies have

revealed that environmental (Hoeksema et al., 2010) and

evolutionary (Anacker et al., 2014) constraints can impact the

influence of AMF on plant growth and can also directly

determine a plant’s biomass allocation strategy (Hodge, 2004;

Poorter et al., 2012b). Therefore, besides experimental duration, a

definite plant R/S may be the most basic indicator of the influence

of abiotic and biotic factors on the role of AMF, particularly for

shoot and total biomass.

Despite both experimental duration and plant R/S being

important in the prediction of the effect size of AMF on the

plant shoot, root, and total biomass, we found that the correlations

of these two moderators with the effect size were all weak. This

might be due to the numerous factors that can influence the
Frontiers in Plant Science 07
functions of AMF, including plant and/or AMF species (Marro

et al., 2022), plant nutrition status, and experimental light

intensity (Johnson, 2010). Accordingly, these weak relationships

might be the result of the different experimental factors, which

should be taken into consideration in future research.

We found that experiments using medium-sized (1–2.9 kg)

pots showed a higher effect size than when using small and large

pot sizes (Figure 4). In small pots, the roots could more easily be

pot-bound at the same experiment duration; on the other hand,

plants in small pots also have lower photosynthesis rates,

according to the results of Poorter et al. (2012a); these two

conditions may have reduced the function of AMF in small pots

(Johnson, 2010). For plants in large pots, the root mass was

relatively smaller than that in those planted in small and

medium pots, which could be due to an increase in the

amount of nutrients and water available for the plant,

reducing the plant’s dependence on AMF (Poorter et al.,

2012a). The weighted random forest analysis further revealed

that pot size played very important roles in determining the

effect size when considering other moderators, especially for root

biomass. These results highlight the need for careful

consideration of the pot size in inoculation experiments

with AMF.

The relationship between RLC and the effect of AMF on

plant biomass has been investigated previously (Treseder, 2013;

Zheng et al., 2013). Our results confirmed that the effects on

plant shoot, root, and total biomass increased with RLC. RLC

directly determines the nutrient exchange ratio between plants

and AMF (Smith et al., 2009; Bücking et al., 2012; Simó-

González et al., 2019); however, our results did not support

RLC being the most important moderator predicting the effects

of AMF on plant biomass based on such a large dataset across

different experimental settings and biotic and abiotic factors.
A B C

FIGURE 5

Variable importance of the moderators for the effect of arbuscular mycorrhizal fungi (AMF) on plant shoot (A), root (B), and total (C) biomass.
This weighted random forest analysis included the significant moderators in the previous random effects model.
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Generally, the relationship between RLC and experimental

duration is not linear but curved (Antonio and Nogueira,

2003; Samiappan and Manian, 2009), which demonstrates that

RLC may have better predictive value on effect size at a relatively

short time duration, but not the entire duration, especially when

compared to the effect of experimental duration.

In this study, we did not find any significant difference

between the effects of single and mixed AMF inoculations on

plant biomass (Figure 3). The mixed inoculum was expected to

show a higher increase in biomass by increasing the probability of

the presence of beneficial species or the inclusion of species that

have complementary functions (van der Heijden et al., 1998; Hart

and Reader, 2002; Wagg et al., 2011). It can be explained that not

all AMF species are functionally complementary, but may be

functionally redundant, and even some mixed inoculations could

increase the carbon competition among AMF species (Liu et al.,

2015). Weber et al. (2019) made the assumption that edaphophilic

AMF would have a greater effect on the promotion of plant

nutrient uptake and biomass, but our findings did not support

this. We discovered that AMF guilds only had a significant

influence on the effect of AMF on root biomass (Figure 3B) and

that ancestral AMF had a higher effect size than rhizophilic and

edaphophilic AMF guilds. The reason for this is unclear, but we

theorized that it may be due to the ancestral AMF having a

balanced biomass distribution between the roots and soil,

resulting in an optimal function in promoting plant growth

(Weber et al., 2019). Another possibility could be insufficient

sampling, particularly for the ancestral and edaphophilic guilds;

hence, more research is required in this field.

Our results demonstrated that AMF had a lower effect size on

the shoot, root, and total biomass of plants in the Solanaceae family

compared to those in other families (Figure 3), similar to the results

on crops from the study of Van Geel et al. (2016). The reason for

this is unclear, and this should be investigated with regard to the

physiological and biochemical interactions between AMF and

Solanaceae plants. Furthermore, we confirmed that the shoot

biomass of Poaceae plants was less affected by AMF compared

to Fabaceae plants. As these two plant families are generally used as

host plants in AMF studies, careful comparison should be done in

further studies. We found that AMF had a lower effect size on the

shoot biomass of fibrous root plants, which is supported by the

results of Yang et al. (2015), as fibrous root plants have more fine

roots and root hairs that directly absorb soil nutrients rather than

through AMF. We also found that plant functional type had a

significant impact on the effect size on shoot biomass than plant life

history. This could be explained by two aspects: 1) woody plants

could show a larger effect of AMF because their taproot systems are

more dependent on AMF, as found in this study and in previous

studies (Hetrick et al., 1988; Tawaraya and Keitaro, 2003; Yang

et al., 2015); 2) the life history strategy of perennial herbaceous

plants (excluding woody perennial plants from perennial plants)

ensures sufficient root biomass, rather than shoot biomass, for

future plant shoot regrowth, making the shoot biomass of
Frontiers in Plant Science 08
perennial herbaceous plants being less impacted by AMF

(Boerner, 1992).

AMF had lower effects on plant biomass in sandy soils. This is

due to sandy soils having a lower adsorption capacity and,

therefore, an enhanced mobility and solubility of the soil

micronutrients, flushing the available nutrients and water more

quickly (Najafi-Ghiri et al., 2013). On the other hand, sandy soils

are beneficial to root growth due to the lower pressure on the roots

(Dexter, 2004), which may increase the absorption of nutrients by

plant roots and may reduce AMF hyphae. The soil AP had no

impact on the effect of AMF on plant biomass, even with the soil P

being confirmed as the primary factor maintaining the symbiosis

between AMF and plants (Smith and Read, 2008; Kiers et al., 2011).

This is mainly due to the soil stoichiometry for N/P, rather than

only AP, having a more significant influence on the functions of

AMF (Johnson, 2010; Han et al., 2020). Unfortunately, these data

were not reported in most studies and require further investigation.

We found that the soil pH had an impact on the effect size on the

shoot, root, and total biomass, showing that AMF had a higher

effect size in acidic soils (Figure 4). This is caused by the normally

major nutrient deficiencies in acidic soils (Neina, 2019) that could

increase the plants’ dependence on AMF (Johnson, 2010).
Conclusion

This meta-analysis based on 639 studies with 1,640

observations confirmed that AMF inoculation increased the

plant shoot, root, and total biomass. At present, this is the first

study that quantitatively synthesized the importance of factors

influencing the effects of AMF inoculation on plant biomass.

Our results provided insights into the effects of AMF on plant

biomass mainly depending on the experimental duration, plant

carbon allocation strategy (R/S), and experimental pot size when

considering the effects of other experimental settings and other

abiotic and biotic factors in pot experiments. Clarifying these

main predictive factors could help in understanding the role of

AMF in promoting plant growth and in revealing their real

functions by avoiding the superposition of unfavorable factors.

In this study, we also found that both experimental duration and

plant R/S had weak relationships with the effect size, which

indicates that these relationships might be influenced by

numerous other factors, which should be considered in

future research.

As a study limitation, we only investigated the effect of AMF

inoculation on plant growth at a single plant species level. This

condition is equivalent to an agro-ecosystem with a single crop

species. The main AMF inoculum included only a single species;

however, in natural ecosystems, on average, host plants can harbor

up to 30 AMF species (Kivlin et al., 2011). Therefore, multiple

AMF species and their inocula should be taken into account to

simulate natural ecosystems. Our study primarily considered the

effect of individual AMF species, but in natural ecosystems, various
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interactions and/or cooperation from other groups of microbes,

such as N-fixing microbes (Miransari, 2011), soil pathogens

(Harrier and Watson, 2004; Qin et al., 2021), and even the

native AMF community (Rodriguez and Sanders, 2014), exist.

Accordingly, more research should be conducted in the future to

better predict the factors that impact the functions of AMF under

natural environmental conditions.
Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material. Further

inquiries can be directed to the corresponding author.
Author contributions

MQ and LL designed the study with the help of WW and YT.

MQ, LL, WW, and BS analyzed the data. MQ, J-PM, and MO

wrote the manuscript, with extensive discussions with YT and

WW. All authors contributed to revisions. All authors

contributed to the article and approved the submitted version.
Funding

We are grateful to the financial support of the Second

Tibetan Plateau Scientific Expedition and Research Program
Frontiers in Plant Science 09
(STEP; grant no. 2019QZKK0301); the Fundamental Research

Funds of China West Normal University (19E048 and 18Q046);

the National Natural Science Foundation of China (31870579,

31870494, and 31971445); and the Applied Basic Research

Program of Sichuan Province (2020YJ0346).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fpls.2022.1024874/full#supplementary-material
References
Anacker, B. L., Klironomos, J. N., Maherali, H., Reinhart, K. O., and Strauss, S. Y.
(2014). Phylogenetic conservatism in plant-soil feedback and its implications for
plant abundance. Ecol. Lett. 17 (12), 1613–1621. doi: 10.1111/ele.12378

Anton, A., Geraldi, N. R., Lovelock, C. E., Apostolaki, E. T., Bennett, S., Cebrian,
J., et al. (2019). Global ecological impacts of marine exotic species. Nat. Ecol. Evol. 3
(5), 787–800. doi: 10.1038/s41559-019-0851-0

Antonio, N. M., and Nogueira, C. (2003). Mycorrhizal effectiveness and
manganese toxicity in soybean as affected by soil type and endophyte. Sci.
Agricola 60 (2), 451–468. doi: 10.1590/S0103-90162003000200018

Azcón, R., and Ocampo, J. (1981). Factors affecting the vesicular-arbuscular
infection and mycorrhizal dependency of thirteen wheat cultivars. New Phytol. 87
(4), 677–685. doi: 10.1111/j.1469-8137.1981.tb01702.x

Batastini, A. B., Paprzycki, P., Jones, A. C., and MacLean, N. (2021). Are
videoconferenced mental and behavioral health services just as good as in-person?
a meta-analysis of a fast-growing practice. Clin. Psychol. Rev. 83, 101944.
doi: 10.1016/j.cpr.2020.101944

Begum, N., Qin, C., Ahanger, M. A., Raza, S., Khan, M. I., Ashraf, M., et al.
(2019). Role of arbuscular mycorrhizal fungi in plant growth regulation:
implications in abiotic stress tolerance. Front. Plant Sci. 10, 1068. doi: 10.3389/
fpls.2019.01068

Boerner, R. E. J. (1992). Plant life span and response to inoculation with
vesicular-arbuscular mycorrhizal fungi. Mycorrhiza 1 (4), 169–174. doi: 10.1007/
BF00203291

Brown, A. L., Jackson, W. R., and Cavagnaro, T. R. (2014). A meta-analysis
and review of plant-growth response to humic substances: practical implications
for agriculture. Adv. Agron. 124, 37–89. doi: 10.1016/B978-0-12-800138-
7.00002-4

Brundrett, M. C., and Tedersoo, L. (2018). Evolutionary history of mycorrhizal
symbioses and global host plant diversity. New Phytol. 220 (4), 1108–1115.
doi: 10.1111/nph.14976

Bücking, H., Liepold, E., and Ambilwade, P. (2012). The role of the mycorrhizal
symbiosis in nutrient uptake of plants and the regulatory mechanisms underlying
these transport processes. Plant Sci. 4, 108–132. doi: 10.5772/52570

Byrnes, R. C., Eastburn, D. J., Tate, K. W., and Roche, L. M. (2018). A global
meta-analysis of grazing impacts on soil health indicators. J. Environ. Qual. 47 (4),
758–765. doi: 10.2134/jeq2017.08.0313

Delavaux, C. S., Smith-Ramesh, L. M., and Kuebbing, S. E. (2017). Beyond
nutrients: a meta-analysis of the diverse effects of arbuscular mycorrhizal fungi on
plants and soils. Ecology 98 (8), 2111–2119. doi: 10.1002/ecy.1892

Dexter, A. R. (2004). Soil physical quality: Part i. theory, effects of soil texture,
density, and organic matter, and effects on root growth. Geoderma 120 (3-4), 201–
214. doi: 10.1016/j.geoderma.2003.09.004

Gurevitch, J., Curtis, P. S., and Jones, M. H. (2001). Meta-analysis in ecology.
Adv. Ecol. Res. 32, 199–247. doi: 10.1016/s0065-2504(01)32013-5

Han, Y., Feng, J., Han, M., and Zhu, B. (2020). Responses of arbuscular
mycorrhizal fungi to nitrogen addition: A meta-analysis. Global Change Biol 26
(12), 7229–7241. doi: 10.1111/gcb.15369

Harrier, L. A., and Watson, C. A. (2004). The potential role of arbuscular
mycorrhizal (AM) fungi in the bioprotection of plants against soil-borne pathogens
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2022.1024874/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1024874/full#supplementary-material
https://doi.org/10.1111/ele.12378
https://doi.org/10.1038/s41559-019-0851-0
https://doi.org/10.1590/S0103-90162003000200018
https://doi.org/10.1111/j.1469-8137.1981.tb01702.x
https://doi.org/10.1016/j.cpr.2020.101944
https://doi.org/10.3389/fpls.2019.01068
https://doi.org/10.3389/fpls.2019.01068
https://doi.org/10.1007/BF00203291
https://doi.org/10.1007/BF00203291
https://doi.org/10.1016/B978-0-12-800138-7.00002-4
https://doi.org/10.1016/B978-0-12-800138-7.00002-4
https://doi.org/10.1111/nph.14976
https://doi.org/10.5772/52570
https://doi.org/10.2134/jeq2017.08.0313
https://doi.org/10.1002/ecy.1892
https://doi.org/10.1016/j.geoderma.2003.09.004
https://doi.org/10.1016/s0065-2504(01)32013-5
https://doi.org/10.1111/gcb.15369
https://doi.org/10.3389/fpls.2022.1024874
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Qin et al. 10.3389/fpls.2022.1024874
in organic and/or other sustainable farming systems. Pest Manage. Sci.: Formerly
Pesticide Sci. 60 (2), 149–157. doi: 10.1002/ps.820

Hart, M. M., and Reader, R. J. (2002). Taxonomic basis for variation in the
colonization strategy of arbuscular mycorrhizal fungi. New Phytol. 153 (2), 335–
344. doi: 10.1046/j.0028-646X.2001.00312.x

Hedges, L. V., Gurevitch, J., and Curtis, P. S. (1999). The meta-analysis of
response ratios in experimental ecology. Ecology 80 (4), 1150–1156. doi: 10.2307/
177062

Hetrick, D., Kitt, D. G., and Wilson, G. T. (1988). Mycorrhizal dependence and
growth habit of warm-season and cool-season tallgrass prairie plants. Can. J. Bot.
66 (7), 1376–1380. doi: 10.1139/b88-193

Hodge, A. (2004). The plastic plant: root responses to heterogeneous supplies of
nutrients. New Phytol. 162 (1), 9–24. doi: 10.1111/j.1469-8137.2004.01015.x

Hodge, A., Helgason, T., and Fitter, A. H. (2010). Nutritional ecology of
arbuscular mycorrhizal fungi. Fungal Ecol. 3 (4), 267–273. doi: 10.1016/
j.funeco.2010.02.002

Hoeksema, J. D., Chaudhary, V. B., Gehring, C. A., Johnson, N. C., Karst, J.,
Koide, R. T., et al. (2010). A meta-analysis of context-dependency in plant response
to inoculation with mycorrhizal fungi. Ecol. Lett. 13 (3), 394–407. doi: 10.1111/
j.1461-0248.2009.01430.x

Jiang, S., Liu, Y., Luo, J., Qin, M., Johnson, N. C., Öpik, M., et al. (2018).
Dynamics of arbuscular mycorrhizal fungal community structure and functioning
along a nitrogen enrichment gradient in an alpine meadow ecosystem. New Phytol.
220 (4), 1222–1235. doi: 10.1111/nph.15112

Johnson, N. C. (2010). Resource stoichiometry elucidates the structure and
function of arbuscular mycorrhizas across scales. New Phytol. 185 (3), 631–647.
doi: 10.1111/j.1469-8137.2009.03110.x

Johnson, I. R., and Thornley, J. H. M. (1987). A model of shoot: root partitioning
with opt imal growth. Ann. Bot . 60 (2) , 133–142. doi : 10 .1093/
oxfordjournals.aob.a087429

Johnson, N. C., Wilson, G. W., Bowker, M. A., Wilson, J. A., and Miller, R. M.
(2010). Resource limitation is a driver of local adaptation in mycorrhizal symbioses.
Proc. Natl. Acad. Sci. 107 (5), 2093–2098. doi: 10.1073/pnas.0906710107

Kiers, E. T., Duhamel, M., Beesetty, Y., Mensah, J. A., Franken, O., Verbruggen,
E., et al. (2011). Reciprocal rewards stabilize cooperation in the mycorrhizal
symbiosis. Science 333 (6044), 880–882. doi: 10.1126/science.1208473

Kivlin, S. N., Hawkes, C. V., and Treseder, K. K. (2011). Global diversity and
distribution of arbuscular mycorrhizal fungi. Soil Biol. Biochem. 43 (11), 2294–
2303. doi: 10.1016/j.soilbio.2011.07.012
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