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Abstract Stomata regulate rates of carbon assimilation and
water loss. Arbuscular mycorrhizal (AM) symbioses often
modify stomatal behavior and therefore play pivotal roles in
plant productivity. The size of the AM effect on stomatal
conductance to water vapor (gs) has varied widely, has not
always been apparent, and is unpredictable. We conducted a
meta-analysis of 460 studies to determine the size of the AM
effect under ample watering and drought and to examine how
experimental conditions have influenced the AM effect.
Across all host and symbiont combinations under all soil
moisture conditions, AM plants have shown 24 % higher gs
than nonmycorrhizal (NM) controls. The promotion of gs has
been over twice as great during moderate drought than under
amply watered conditions. The AM influence on gs has been
even more pronounced under severe drought, with over four
times the promotion observed with ample water. Members of
the Claroideoglomeraceae, Glomeraceae, and other AM families stimulated gs by about the same average amount.
Colonization by native AM fungi has produced the largest
promotion. Among single-AM symbionts, Glomus
deserticola, Claroideoglomus etunicatum, and Funneliformis
mosseae have had the largest average effects on gs across
studies. Dicotyledonous hosts, especially legumes, have been

slightly more responsive to AM symbiosis than monocotyledonous hosts, and C3 plants have shown over twice the AMinduced promotion of C4 plants. The extent of root colonization is important, with heavily colonized plants showing ×10
the gs promotion of lightly colonized plants. AM promotion of
gs has been larger in growth chambers and in the field than in
greenhouse studies, almost ×3 as large when plants were
grown under high light than low light, and ×2.5 as large in
purely mineral soils than in soils having an organic component. When AM plants have been compared with NM controls
given NM pot culture, they have shown only half the promotion of gs as NM plants not given anything at inoculation to
control for associated soil organisms. The AM effect has been
much greater when AM plants were larger or had more phosphorus than NM controls. These findings should assist in
further investigations of predictions and mechanisms of the
AM influence on host gs.
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Stomatal conductance to water vapor (gs) is of critical agronomic and ecological importance because it determines rates
at which CO2 enters and water vapor exits leaves, exerting a
controlling influence on photosynthesis, hydration and ultimately biomass accumulation, crop yield, and carbon sequestration. Altered gs of the host plant is among the more highly
investigated water relations characteristics affected by
arbuscular mycorrhizal (AM) symbiosis (Ruiz-Lozano and
Aroca 2010). AM and nonmycorrhizal (NM) plants often
display different gs (Gupta 1991; Koide 1993; Sánchez-Díaz
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and Honrubia 1994), yet several investigators have also reported no differences between AM and NM plants (Augé
2000). Reviewers have noted that despite a wealth of studies
comparing gs in AM plants and NM controls, the mechanism(s) of influence remains unclear and our ability to predict
the frequency and extent of AM-induced changes in gs is
limited (e.g., Augé 2001; Smith et al. 2010).
We conducted a quantitative review using meta-analysis to
compare results across the literature and synthesize an overall
effect size of AM symbiosis on gs. We included 19 moderator
variables that we suspected may have influenced the size of
the AM effect. Moderators—also termed factors (Schaeffer
et al. 2013), categorical explanatory variables (Veresoglou
et al. 2012), classificatory variables (Zvereva and Kozlov
2012), and descriptive characteristics (Kiær et al. 2013)—are
often examined in meta-analyses to help understand how
circumstances modify the treatment effect of interest.
Moderators addressed identity or qualities of the symbionts
as well as other experimental conditions. Reviewers have
noted that gs of some host taxa has been more sensitive to
AM colonization than others (e.g., Augé 2001), but there have
been so many studies on so many species with varying findings that a quantitative analysis is needed. The same is true of
the fungal symbiont. Different AM fungi have been reported
to differentially influence host gs (e.g., Ruiz-Lozano et al.
1995; Gong et al. 2013). Stomatal conductance is very sensitive to abiotic and biotic variables and can change within
seconds in response to changes in internal and external environment. Light and temperature can modify the extent of AMinduced changes in gs (e.g., Augé et al. 2004). Light quality,
such as sunlit greenhouses vs artificial light in growth chambers, can affect gs (e.g., Sharkey and Raschke 1981). Woody
plants tend to have lower gs than herbaceous plants (Nobel
1991; Kelliher et al. 1995). Leaf phosphorus concentration
and plant size, often markedly influenced by AM symbiosis,
can affect stomatal behavior (e.g., Radin 1984).
We sought to answer the following four questions:
1. What is the overall extent of AM promotion of stomatal
opening across studies?
2. Has the AM effect been more pronounced during
drought?
3. Does the well-established influence of AM symbiosis on
host P uptake and growth explain the AM effect on gs?
4. Have particular experimental conditions or symbiont
combinations led to especially large AM promotion of gs?
Knowing which AM taxa affect gs most markedly, which
host taxa have been particularly sensitive to the symbiosis,
and which environmental characteristics tend to favor or discourage AM modification of stomatal behavior can help investigators employ AM technology more successfully in
cropping and conservation efforts.

Materials and methods
Data collection
Using ISI Web of Science and the bibliographies of the published work, we located 1,518 refereed publications, accessed
through July 2013, that contained data on the water relations of
mycorrhizal plants. Search terms are [vesicular-arbuscular* or
arbuscular* or endomycorrhiz* or “AM fungi” or “AM symbiosis” or “VAM fungi” or “VAM symbiosis”] and [stomat* or
transpira* or “water relations” or drought]. These articles were
screened for measurements of gs of AM and NM plants under
amply watered and drought conditions. We identified 100
articles (Citations provided in Online Resource 1) that reported
sample sizes and means for both AM treatment and NM
control groups for gs or stomatal resistance (rs; inverse of
conductance). Papers were in English, Spanish, and Chinese
and spanned 31 years. Where rs was reported, typical of earlier
literature, we converted to gs. Reports of whole-plant water
conductances or resistances were not included. The gs data for
amply watered, nonsalinized controls of salinity stress articles
were included. Studies with simulated drought via PEG or
osmotic stress were included, e.g., Augé et al. (1992) and
Benabdellah et al. (2011).
Treatment means and sample sizes were collected for each
study. For publications reporting means for more than one NM
control treatment in a nonfactorial experiment, we used the
NM control that most closely approximated AM plants, e.g.,
plants given PO4−3 in Ruiz-Lozano et al. (1995). We quantified sample size as experimental unit; for example, where
authors may have indicated that n=10 (gs measured on two
leaves from each of five plants), we assigned n=5. Studies
were not included if they did not report sample size or had a
sample size of 1. If sample size was given as a range, we used
the smallest value (e.g., Allen and Allen 1986, n=3 to 5). If
data were provided in graphical form, means were extracted
using WebPlotDigitizer (Rogatgi 2011).
Multiple treatments or host/symbiont combinations from
one article were treated as independent studies and represented an individual unit in the meta-analysis. For example, RuizLozano et al. (1995) examined the effects of seven AM
symbionts on the gs of lettuce plants, which accounted for
seven studies for the meta-analysis from that article. Newman
and Davies (1988) reported gs in AM and NM plants of three
host taxa under four temperature treatments, which resulted in
12 studies. Although designating multiple studies from one
publication has the disadvantage of increasing the dependence
among studies that for the purposes of meta-analysis are
assumed to be independent (Gurevitch and Hedges 1999),
the greater number of studies increases statistical power
(Lajuenesse and Forbes 2003). This approach has been used
commonly in mycorrhizal and plant biology meta-analyses,
e.g., Hoeksema et al. (2010), Holmgren et al. (2012),
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Veresoglou et al. (2012), Mayerhofer et al. (2013), and
McGrath and Lobell (2013). We derived 460 studies from
the 100 articles.
As in prior meta-analyses (e.g., Mayerhofer et al. 2013), we
did not consider measurements at multiple times as separate
studies. For multiple time points, we computed the means of
the time points and used the synthetic score as the unit of
analysis as described for multiple time points by Borenstein
et al. (2009). In the 33 articles reporting multiple time points,
sample size did not differ between AM and NM treatments.
Sample size rarely differed among time points within a study;
where it did, we used the smaller sample size. With similar
sample sizes within multiple time-point studies, mean weight
(reciprocal of variance) was computed as (Borenstein et al.
2009):
1=ððm  ð1=wÞ þ m  ðm−1Þ=2  2  r  ðð1=wÞ0:5 Þ2 Þ=m2 Þ

where m is number of time points, w is weight of each time
point (similar for time points with similar sample size), and r is
the correlation coefficient that describes the extent to which
effect sizes covary across time points. Correlation analysis
was performed for each multiple time-point study to determine r for that study. We used mean r over all multiple timepoint studies (r=0.51) as an estimate of r for studies with two
time points. When multiple gs time points involved different
plants (different experimental units), these time points were
considered one study (not multiple studies).
Effect size and moderator variables
We conducted an overall and several grouped meta-analyses
on gs, comparing studies via effect size. The effect size for
each study was computed as ln R, the natural logarithm of the
response ratio of mycorrhizal to NM gs:
ln R ¼ ln YAM =Y NM
where YAM and YNM are means of AM treatments and NM
controls, respectively (Rosenberg et al. 2000). These were
used to measure the overall effect: the summary or cumulative
AM/NM effect size across studies (Borenstein et al. 2009). It
is common to use a response ratio in meta-analyses of plant
and mycorrhizal behaviors (e.g., Lehmann et al. 2012;
Mayerhofer et al. 2013; Worchel et al. 2013), as it gives a
standardized expression of treatment-induced change and has
direct biological significance. The log transformation is needed to properly balance positive and negative treatment effects
across response ratios (to maintain symmetry in the analysis,
Borenstein et al. 2009). For our analyses with response ratios,
ln values above 0 indicate an AM-induced increase in gs,

values below 0 indicate an AM-induced decrease in gs, and
a value of 0 signifies a lack of mycorrhizal effect.
In addition to measures of gs, we recorded information
from each study on 19 moderator variables, characteristics
that may modify gs and potentially the degree of AM influence
on gs (Table 1). Each moderator had at least two categories
(levels), and the data within each of these levels were from at
least seven studies (moderator levels are detailed in Online
Resource 1, and number of studies in each moderator level are
shown in Figs. 1, 2, 3, 4, 5, and 6). These moderators were
used as categorical explanatory variables in the meta-analyses.
We chose some of these moderators to represent factors that
have been shown to affect gs and thereby have the potential to
enhance or diminish AM effect on gs. Other moderators were
chosen to determine if an AM effect has been observed more
often under some conditions than others, to guide design of
future experiments to help better predict AM effect sizes
involving g s . We followed the taxonomic scheme of
Schüßler and Walker (2010) and Redecker et al. (2013) for
reclassifying taxa in AM family and AM species moderators,
and grouped Glomus fasciculatum with Glomus intraradices
into the new classification Rhizophagus intraradices (Morton
2014). Originally reported genus and species names are provided with their new names in Online Resource 1. AM species
investigated most often (represented in more than 20 studies)
were compared, with species occurring in fewer than 20
Table 1 The ratio of variation among levels of a moderator (QM) and
amount of total variation (QT) for each categorical moderator analysis
Moderator

QM/QT

p

Soil water
Drought pre-acclimation
AM family
AM species
Shoot size
Leaf P concentration
Root colonization
Host type
Lifestyle
Photosynthetic pathway
Host propagation
Inoculum type
Inoculum host
Associated soil organisms
Substrate

0.123
0.001
0.008
0.005
0.119
0.133
0.055
0.007
<0.001
0.015
0.007
0.006
0.002
0.013
0.009

<0.001
0.520
0.715
0.935
<0.001
<0.001
0.001
0.246
0.870
0.018
0.116
0.138
0.385
0.087
0.074

Phosphorus fertilization
Environment
Light
Temperature

<0.001
0.046
0.062
0.009

0.994
<0.001
0.001
0.123

p value refers to probability that levels within a moderator differed.
Moderators with p≤0.05 are shown in italic
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studies grouped into an “other species” level of this moderator.
AM families represented in more than 10 studies were compared, with families represented in fewer than 10 studies
grouped into an “other family” level of the family moderator.
“Native” AM fungi refer to unidentified species present in
local, unsterile soil used as inoculum (e.g., Allen and Allen
1986).
Stomatal response to soil drying was a focal point of our
analysis, with a principal objective being to determine if gs is
affected more by mycorrhizae when soils are dry than moist.
We conducted one meta-analysis with two levels for the soil
water moderator: unstressed vs drought-stressed plants. The
extent of drought to which plants were exposed varied considerably across studies, and we wanted to take advantage of
this, to fine-tune the analysis to attempt to discern if the
mycorrhizal effect was more or less pronounced at different
severities of water limitation. However, soil moisture at time
of gs measurements was quantified and reported in only a
small minority of studies. Growth substrate also varied widely
across studies, and so, measures of soil water content, when
reported, could not be used to compare soil drought among
studies. Soil water potential (Ψ)—which would allow comparisons of soil dryness among studies—was rarely reported.
Drought can be assessed as external pressure applied (drought
stress) or internal plant response (drought strain) (Levitt
1980). Because drought stress was applied and quantified in
very diverse ways across the studies, it was difficult to apply a
meaningful, consistent category of degree of drought stress.
Drought strain afforded greater opportunity for consistency
across studies.
We defined drought strain of treatment means in relation to
controls, NM plants given ample water. Mild drought=gs of
droughted NM plants was above 50 % of amply watered NM
control plants, moderate drought=gs between 15 and 50 % of
NM controls, and severe drought=gs less than 15 % of NM
controls. If an experiment did not include fully watered controls for each day of drought, the initial day of drought was
considered amply watered and used as the basis to determine
level of drought strain for subsequent days of drought. When a
time series was associated with a drying period, we scored
measurements at each time point as mild, moderate, or severe.
Time points with the same drought strain designation were
treated as one study and integrated as described above for
multiple time points. Hence, an experiment that subjected
plant treatments to drought by withholding water from pots
for several days and involved measurement of gs at several
time points during the drying period may have resulted in
multiple time points at mild, moderate, and/or severe drought.
Split-pot experiments in which part of the root system was
watered and part was dried (e.g., Ebel et al. 1996) were
handled like single-pot drought experiments (where the situation may be similar: surface soil drying while deeper soil is
still moist). Our scoring of drought severity is based on foliar

response to the drought treatment, which can be evoked in pot
and field situations by hydraulic signals, nonhydraulic signals,
or a combination of the two (Wilkinson and Davies 2002).
Meta-analysis
We estimated the summary effect (mean effect size across
studies) with Comprehensive Meta-Analysis (CMA) software
(Biostat, Englewood, NJ, USA), generating 95 % confidence
intervals (CIs), Q statistics, and p values using a bootstrapping
randomization procedure. Q is a measure of weighted squared
deviations, used to help separate observed variation and true
variation (Borenstein et al. 2009). We examined both fixedeffects and random-effects models to test for differences in the
summary effect among moderator groups, examining p values
associated with the between-class heterogeneity (Qm). Qm represents the variation in effect size among levels within a moderator. The mean effect size of a moderator or level of a
moderator was considered significant if its 95 % CI did not
overlap zero and if the heterogeneity p value was <0.05. Total
heterogeneity (Qt), the sum of Qm, and within-level variance
(Qw) was used to compare the importance of moderators, Qm/Qt
(Table 1). I2, a descriptive statistic computed as ((Q−df)/Q)×
100 %, estimates the ratio of true heterogeneity to total variance
across the observed effect sizes (Borenstein et al. 2009). To
avoid Simpson’s Paradox, effect sizes were computed for each
study and then combined: each study’s effect size was based on
the comparison of an AM group with its own NM control
group (Borenstein et al. 2009).
Individual studies within the meta-analyses were weighted
nonparametrically
W lnR ¼ ðnAM  nNM Þ=ðnAM þ nNM Þ
where Wln R is the weight (inverse of variance) of the natural
log of the response ratio R and nAM and nNM are the sample
sizes of the AM and NM treatments, respectively (Rosenberg
et al. 2000). Several publications did not report standard errors
or standard deviations nor was sufficient information given in
many instances to estimate these from LSD or other mean
separation test values. As has often been noted (e.g., Adams
et al. 1997; Lehmann et al. 2012; Veresoglou et al. 2012;
Mayerhofer et al. 2013), it is not uncommon for measures of
dispersion to have been omitted from publications involving
plants, which makes calculating weighting based solely on
sample size (nonparametric weighting) a necessity. Excluding
studies that report sample size but not some measure of
dispersion would represent a substantial loss of data and
diminish analytical power.
Meta-analysis can potentially be subject to the skewing
effect of publication bias: greater likelihood of statistically

Mycorrhiza

significant findings being published in the refereed literature
over nonsignificant ones (Borenstein et al. 2009). We used
graphical and statistical approaches to test for the possibility
of publication bias. The funnel plot was examined to visualize
if studies were distributed symmetrically about the mean
effect size, whether studies with small effect sizes were missing from the distribution of effect sizes among our studies
(Borenstein et al. 2009). A Begg and Mazumbar rank correlation was conducted in CMA to examine the relationship
between effect size and sample size across studies (Begg
et al. 1994; Borenstein et al. 2009). A significant correlation
would suggest that larger effect sizes or significant AM effects
were more likely to be published than small or insignificant
sizes. Orwin’s Fail-safe N, a variant of the often-used
Rosenthal Fail-safe number (Rosenthal 1979), was calculated
to determine the number of missing or unpublished studies
reporting no AM effect that would have to be included in our
meta-analysis to result in a biologically insignificant overall
cumulative effect size in gs (Orwin and Boruch 1982;
Borenstein et al. 2009).

Results
Overall heterogeneity, QT, was 379.4 (df=459). I2 was zero for
the overall analysis, indicating that the fixed-effects model
was the appropriate model for these data as true heterogeneity
among effect sizes from the different studies was absent. Qm,
which represents the variation in effect size among levels
within a moderator, was identical in the fixed-effects and
random-effects models for each of the 19 moderators. Use of
the fixed-effects model is further justified by inclusion of an
extensive set of moderators (Cooper 2010).
Natural log of summary effect sizes is depicted in the forest
plots (Figs. 1, 2, 3, 4, 5, and 6). To the right of the symbol
showing the summary effects, we also provide the degree to
which AM symbiosis increased gs, as thinking in terms of raw
percentage increase or promotion of a quantity is more intuitive. The raw summary AM/NM effect for the overall metaanalysis was 1.24 (p<0.001, CI 1.19–1.30); i.e., AM symbiosis increased gs by an average of 24 % over all 460 studies.
The ln AM/NM mean effect sizes for individual studies were
below 0.95 for 82 studies, between 0.95 and 1.05 for 78
studies (negligible AM effect), and above 1.05 for 300 studies.
Plant hosts were represented by 52 genera in 24 families. The
analysis included 20 AM species in nine genera. The best
studied woody host plant was citrus (Citrus spp., 44 studies).
Among herbaceous plants, the most information was available
for Zea mays (43 studies). R. intraradices was the most
examined AM symbiont (167 studies), followed by
Funneliformis mosseae (105 studies).
We did not see evidence of publication bias in the metaanalysis parameters. Visually, the funnel plot showed no

Fig. 1 Weighted summary effect sizes (ln R) and 95 % bootstrapped
confidence intervals (CIs) for influence of soil water on AM promotion of
stomatal conductance (gs). Comparisons among a amply watered and
droughted plants, b levels of drought, and c pre-acclimation to drought.
Number of studies reporting data for each level of moderator is given in
parentheses. Values to the right of the CI line for each moderator level are
percent mycorrhizal promotion of gs (ln R effect size transformed back to
raw effect size). p≤0.05 indicates that the moderator level was significantly different than zero

Fig. 2 Weighted summary effect sizes (ln R) and 95 % bootstrapped
confidence intervals (CIs) for influence of AM taxa on promotion of
stomatal conductance (gs). Comparisons among levels of a AM family
and b AM species. Number of studies reporting data for each level of
moderator is given in parentheses. Values to the right of the CI line for
each moderator level are percent mycorrhizal promotion of gs (ln R effect
size transformed back to raw effect size). p≤0.05 indicates that the
moderator level was significantly different than zero
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Fig. 3 Weighted summary effect sizes (ln R) and 95 % bootstrapped
confidence intervals (CIs) for fungal influences on the host and how these
influence AM promotion of stomatal conductance (gs). Comparisons
among levels of a shoot size, b leaf P concentration, and c root colonization by AM fungi. Number of studies reporting data for each level of
moderator is given in parentheses. Values to the right of the CI line for
each moderator level are percent mycorrhizal promotion of gs (ln R effect
size transformed back to raw effect size). p≤0.05 indicates that the
moderator level was significantly different than zero

Fig. 4 Weighted summary effect sizes (ln R) and 95 % bootstrapped
confidence intervals (CIs) for influence of host characteristics on AM
promotion of stomatal conductance (gs). Comparisons among levels of a
host types, b lifestyle, c photosynthetic pathway of the host, and d
propagation asexually or by seed. Number of studies reporting data for
each level of moderator is given in parentheses. Values to the right of the
CI line for each moderator level are percent mycorrhizal promotion of gs
(ln R effect size transformed back to raw effect size). p≤0.05 indicates
that the moderator level was significantly different than zero

pattern that would reflect bias. Selecting an AM promotion of
5 % as the smallest effect likely to be of biological importance,
the Orwin Fail-safe N for the overall meta-analysis was 1,560,
the number of missing or unpublished studies with an AM
treatment effect of zero that would have to be added to the
meta-analysis to reduce the summary effect to 5 %. The Begg
and Mazumdar rank correlation indicated little to no publication bias (tau=0.089).
Soil water
In separate analyses of nondrought and drought data, a metaanalysis of gs under amply watered conditions (289 studies)
yielded a mean effect size of 23 % and a meta-analysis of gs
under drought (any extent of drought, 149 studies) an effect
size of 29 % (Fig. 1a). These summary effect sizes were
similar; CIs overlapped considerably. Partitioning drought
into three levels of severity revealed that the AM effect on
gs was much more pronounced as drought strain increased
(Fig. 1b). In the meta-analysis of the 438 studies that reported
gs data for amply watered and drought conditions, there was
no effect of AM symbiosis on gs during mild drought, whereas
AM symbiosis promoted gs by 51 % under moderate drought
and by 111 % under severe drought. p values for the

Fig. 5 Weighted summary effect sizes (ln R) and 95 % bootstrapped
confidence intervals (CIs) for influence of inoculum characteristics on
AM promotion of stomatal conductance (gs). Comparisons among levels
of a inoculum type, b inoculum host, and c associated organisms. Number of studies reporting data for each level of moderator is given in
parentheses. Values to the right of the CI line for each moderator level
are percent mycorrhizal promotion of gs (ln R effect size transformed back
to raw effect size). p≤0.05 indicates that the moderator level was significantly different than zero
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species moderators (0.715 and 0.997, respectively) indicated
that groups within these moderators did not differ significantly; CIs overlapped considerably.
Fungal effects on host

Fig. 6 Weighted summary effect sizes (ln R) and 95 % bootstrapped
confidence intervals (CIs) for influence of experimental conditions on
AM promotion of stomatal conductance (gs). Comparisons among levels
of a substrate components, b P fertilization, c growth/measurement
environment, d light, and e temperature. Number of studies reporting
data for each level of moderator is given in parentheses. Values to the
right of the CI line for each moderator level are percent mycorrhizal
promotion of gs (ln R effect size transformed back to raw effect size). p≤
0.05 indicates that the moderator level was significantly different than
zero

unstressed (amply watered), moderately droughted, and severely droughted levels of soil water were each <0.001, and
the heterogeneity p for the soil water moderator (<0.001)
indicated that groups within this moderator differed significantly. Pre-acclimation to drought did not modify the extent of
the AM-induced influence on gs (Fig. 1c).
AM symbionts
Stomatal conductance was not increased by members of the
Gigasporaceae nor by colonization by fungi from more than
one AM family (Fig. 2a). Members of the
Claroideoglomeraceae, Glomeraceae, and other families stimulated gs by about the same average amount. Colonization by
native AM fungi exhibited the largest promotion, an average
increase in gs of 49 %. Average summary effect sizes for the
most-studied AM species varied from 16 to 31 % (Fig. 2b),
with Glomus deserticola, Claroideoglomus etunicatum, and
F. mosseae having the largest average effects on gs across
studies. The heterogeneity p for the AM family and AM

Three host characteristics affected by AM symbiosis each
contributed importantly to AM influence on gs (Fig. 3). In
studies where AM and NM plants were similar in shoot size,
an AM effect was less apparent at just 11 % (Fig. 3a). The AM
effect was about five times greater, 53 %, when AM plants
were larger than NM plants. Across studies where NM plants
were larger than AM plants, the AM effect was similar to the
summary effect over all studies, at 21 %. A similar trend
occurred in the leaf phosphorus concentration moderator
(Fig. 3b). When AM and NM plants were similar in leaf P,
no AM effect occurred (average of 8 %, lower CI overlapped
zero). When AM symbiosis increased P concentration in
leaves, AM promotion of gs was dramatic at 52 % higher than
NM controls. Higher rates of AM root colonization were
associated with greater AM treatment effects (Fig. 3c). With
low colonization, in the 1–25 % range, AM symbiosis did not
affect gs. Very high colonization, above 75 %, led to quite
marked AM-induced increases in gs, averaging 46 % across
those 95 studies. The summary effect in studies with moderate
colonization, 26–75 % of root length colonized, gave AM
promotion similar to the overall summary effect, around
27 % increase in gs.
Host characteristics
Some host characteristics appeared to be linked to AMinduced increases in gs while others did not (Fig. 4).
Stomatal conductance was increased by AM symbiosis in
monocots by an average of 17 % and in legumes by an average
of 31 % (Fig. 4a). AM-induced promotion of gs was essentially identical in woody hosts and herbaceous hosts (Fig. 4b).
Whether the host was a C3 or C4 plant has affected how much
the symbiosis increased gs; the AM promotion was less than
half as large in C4 than in C3 plants (Fig. 4c). How the
experimental host plant was propagated may also have been
an important determinant of extent of AM promotion, 13 %
greater in asexually produced hosts than in those grown from
seed (Fig. 4d).
Inoculum characteristics
We examined some characteristics of the inocula used to
produce AM plants, to gain a sense of whether other soil
organisms associated with AM fungi and roots of experimental plants may have impacted how much the symbiosis affected gs. I.e., treatment effects of inoculum are attributed to AM
fungi, but if inoculum contained other organisms or attributes
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not applied to NM control plants, it is possible that those
organisms or attributes accounted for some of the treatment
effect. Inoculation by spores alone has given a higher average
promotion, 36 %, than inoculation by live pot cultures, 22 %
(Fig. 5a). We also looked at whether pot cultures were produced on the same plant or on a different genus and species
than experimental plants on which gs was measured. This had
a small effect on the magnitude of the AM promotion, 19 vs
26 % (Fig. 5b). Effect size varied within the associated organism’s moderator, with roots receiving no filtrate and no NM
pot culture showing twice the effect size as that of roots
receiving NM pot culture (Fig. 5c).
Experimental conditions
When plants were grown in a substrate containing an organic
component—bark, peat moss, or manure—little AM effect on
gs was observed (Fig. 6a; lower CI overlapped 0). Whether or
not NM plants were supplemented with additional P did not
affect the size of the AM promotion of gs (Fig. 6b). The
growing environment used in experiments had a sizeable
influence. The AM-induced effect on gs more than doubled
from the 17 % summary effect observed in greenhouses to
41 % in growth chamber experiments, and it increased even
more markedly to 55 % in field sites (Fig. 6c). The
greenhouse/glasshouse has been by far the most used environment for mycorrhizal gs experiments (263 studies), and
substantially less AM effect was observed there. Size of the
AM promotion on gs also relied on the maximum amount of
light that plants received during the experiment (Fig. 6d). At
irradiances below 300 μmol m−2 s−1, the AM effect was much
lower than over studies in which plants were grown or measured at irradiances above 800 μmol m−2 s−1. The gs of plants
grown or measured below 27 °C tended to be slightly more
affected by AM symbiosis (32 % AM promotion) than those
grown at air temperatures that exceeded 27 °C during the
study (22 % AM promotion) (Fig. 6e).

Discussion
The literature published over the past several decades substantiates that AM symbiosis affects stomatal opening of
the plant. Yet the many dozens of studies in varying experimental conditions has left us unable to predict when AM
symbiosis is most likely to affect gs. Without a quantitative
synthesis, we have also been unable to develop a good
sense of the overall size of the mycorrhizal effect. This
meta-analysis over all studies that provided gs data for
amply watered or drought conditions reveals that the gs of
AM plants has been on average 24 % higher than NM
plants. This answers our first question.

Our second question addresses whether the overall AM
effect has been larger during drought than under wellwatered conditions. In comparing amply watered studies with
all drought studies, the answer is no; the summary effect size
is only slightly larger under drought, 29 % AM promotion of
gs vs 23 % AM promotion in well-watered controls, with CIs
overlapping substantially. However, in considering all drought
studies as a whole, the lack of an AM effect during slight or
incipient drought obscures quite marked AM effects during
more severe drought. Because drought treatments have been
administered in many different ways and degree and duration
of drying treatments have varied widely across studies, we
attempted to fine-tune the analysis to reveal AM effects at
different levels of drought. Under mild drought strain, when
stomata have not yet been appreciably affected by the drying
treatment (gs still above 50 % of controls), AM symbiosis had
little effect on gs. Yet, when the drying treatment became
extensive enough that stomata closed to the point that gs
declined below 50 % of amply watered NM controls, the
AM effect was much greater. In moderately drought-strained
plants, the AM promotion was twice that of the overall 24 %
AM promotion seen across all studies. As soils dried further,
causing greater drought strain, the AM effect became even
more pronounced; the more soils dried, the greater the difference in gs between AM and NM treatments. The AM-induced
promotion of gs was over twice as large in severely strained
plants as in moderately strained plants and over four times as
large as amply watered plants. Greater AM effects on gs under
moderate and severe drought is consistent with a metaanalysis of grass growth, where the AM influence was found
to be greater under drought conditions (Worchel et al. 2013).
These findings support the contention that arbuscular mycorrhizae may have special significance in arid environments
(e.g., Smith et al. 2010).
We use the term “severe” for drought strain in the context of
stomatal opening, defined as gs between 0 and 15 % of amply
watered controls. The amount of soil drying that led to gs of 0–
15 % probably did not constitute severe soil drying in terms of
survival. Plants close their stomata to conserve water and
survive periods of limited soil moisture, and under the varying
stages of truly severe drought, for many species, gs would
likely have been zero or near zero for some time. There is
often a substantial range of soil Ψ decline between the point at
which stomata close fully and tissue death. Species differ in the
sensitivity of their stomata to soil drying (Ludlow 1989), which
may have affected the sensitivity of our approach to defining
drought severity in terms of plant response. We would have
liked to compare drought avoiders, species whose stomata
close at relatively high soil Ψ (e.g., Vigna unguiculata), with
drought tolerators, species that maintain relatively high or
normal gs for some time as soil dries and leaf Ψ declines
(e.g., Sorghum bicolor), but these physiological characterizations were not available for most of the host species.
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What might explain the ability of AM plants to maintain
stomatal opening longer than NM plants as soils dry? Hyphae
penetrate pores that are inaccessible to roots, and they spread
beyond the root zone, effectively increasing the available
volume of soil solution (Smith and Read 2008). Dakessian
et al. (1986), Bethlenfalvay et al. (1988) and Franson et al.
(1991) provided evidence that AM root systems can better
exploit bound water in drying soils, in some cases providing
access to soil water below the permanent wilting Ψ of NM
plants. These and other authors (e.g., Reid 1979) have suggested that AM-mediated uptake of soil water of low Ψ is
analogous to the uptake of P, where tapping supplies not
available to the NM plant results in a positive response. One
explanation for higher gs in AM plants may be that, across
studies in the meta-analysis, AM plants may have been generally less stressed than their NM counterparts, maintaining
higher water status and hence more open stomata. The higher
gs of AM plants has been associated with higher leaf Ψ or
higher leaf water content as well as with greater osmotic
adjustment and higher turgor at similar Ψ (Augé 2001). AM
promotion of gs might also be related to the influence of the
symbiosis on the carbon dynamics of host leaves. As much as
20 % of all carbon assimilated by the AM host plant is
eventually moved into fungal structures and exudates (e.g.,
Pang and Paul 1980; Wang et al. 1989). AM fungi, by requiring carbon assimilates and thus increasing the sink strength of
root systems (e.g., Wright et al. 1998; Kaschuk et al. 2009),
may increase net movement of carbon out of leaves, lowering
carbon concentrations in leaf mesophyll. Stomatal opening is
stimulated by lowered internal CO2 concentrations and/or
pools of carbon-fixing substrates (Mansfield et al. 1990;
Jarvis and Davies 1998).
The third question we posed was how much the AM effect
on gs was linked to AM promotion of plant size and/or leaf P
concentration. The notion that AM effects on plant water
relations were mainly nutritional in nature was prevalent in
the early literature on this subject: the behavior of AM and
NM plants differed because plants differed in size or tissue P
concentrations (Augé 1989, 2001). Phosphorus concentration
of leaves can affect their gs (Radin 1984), and AM symbiosis
often dramatically modifies P acquisition and tissue P contents. Better nutrition is accompanied by quicker growth.
Other things being equal, more water usually moves through
large plants than small plants per unit time. When AM plants
have different gs or soil drying rates than smaller NM plants,
this may be similar to NM plants having different gs or soil
drying rates than smaller NM plants. AM-induced changes in
total plant size probably affect stomatal behavior and plant
water relations mostly through effects on tissue hydration:
how quickly tissues lose water and how quickly they can
replace it. The meta-analysis revealed that the shoot size and
leaf P moderators do account for mycorrhizal influence,
confirming the supposition of the earlier work. In the absence

of growth promotion, the AM-induced increase in gs is still
significant, but at 11 %, it is much smaller than the overall
24 % AM promotion. However, across studies in which NM
plants were larger or higher in leaf P than AM plants, the
significant positive effect of AM symbiosis on gs was still
observed. Thus, the meta-analysis also confirmed that the
AM effect can occur independently of effects on shoot size
and leaf P.
The analysis provides some clear answers to our fourth
question, whether particular experimental conditions or symbiont characteristics have led to especially large AM promotion of gs. Sometimes, investigators have observed significant
correlations between a water relations parameter and extent of
root colonization. For example, Bethlenfalvay et al. (1988)
demonstrated that the soil moisture content at permanent
wilting of individual plants was closely inversely correlated
with the extent of root colonization. However, in water relations and other physiological areas of mycorrhizal investigation, AM effects have often not been well correlated with root
colonization levels (e.g., Dakessian et al. 1986; Ruiz-Lozano
et al. 1995; Fitter and Merryweather 1992). Over the 409
studies that reported gs and colonization data, the metaanalysis did find that root colonization has been a significant
moderator variable. When roots of plants in an AM treatment
were heavily colonized, the percentage increase in AM effect
size was a dramatic ×10 greater than the negligible percentage
increase observed when roots were relatively sparsely colonized. Greater colonization is likely related to both enhanced P
acquisition and enhanced water absorption. The degree of
mycorrhization of the soil itself has also been linked to the
regulation of stomatal behavior of host plants (Augé et al.
2007).
Environmental variables have considerable influence on gs
(Salisbury and Ross 1985). Soil environmental variables such
as soil water content, salinity, and fertility have been studied
often in mycorrhizal work, but mycorrhizal impact on gs has
rarely been examined directly as a function of atmospheric
environmental variables such as temperature, light, or humidity. In one study comparing AM promotion of gs at six levels
of irradiance, the AM promotion was greatest at irradiances
between 300 and 1,000 μmol m−2 s−1 and relatively low at
levels below 100 and above 1,000 μmol m−2 s−1 (Augé et al.
2004). This finding under low light is consistent with the
meta-analysis. Conclusions about light levels must be drawn
with caution from this analysis, as the available light data in
the studies often summarized the range of conditions during
the experiment but not the irradiance at which measurements
were made. Irradiance on the leaf lamina at time of gs
measurement exerts a controlling influence on gs, and
interpreting experimental findings would be assisted if these
data were provided in publications. Augé et al. (2004) observed a similar trend with air temperatures: not much AM
promotion of gs at the lowest temperatures (below 20 °C), the
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most promotion at intermediate temperatures (20–26 °C), and
not much promotion above 28 °C. This trend was seen with
the meta-analysis, with AM promotion 10 % higher when air
temperatures were kept at or below 27 °C relative to those that
at least sometimes exceeded 27 °C.
Experiments in growth chambers are typically conducted
under artificial light and those in greenhouses wholly or
mostly under natural light. In these two controlled environments, AM promotion of gs differed markedly. We may not
have predicted this, as light levels are also generally lower in
chambers than in greenhouses. Among the three growth sites,
light levels would generally be highest in the field, where AM
promotion of gs has been relatively high. A biotic factor that
increases gs in the field by an average of 59 %, especially one
like AM symbiosis that develops long term relationships
with its host, can be expected to have very substantive
impacts on plant productivity as well as soil structure and
carbon sequestration (e.g., Wilson et al. 2009).
We included the three inoculum moderators in the metaanalysis as indirect ways of gauging the effects of soil organisms associated with AM fungi. When pot culture consisting
of soil, live roots, and hyphae are used as an inoculant,
organisms other than glomalean fungi are applied to the AM
treatment. If these other organisms are not also applied to NM
plants, an observed treatment effect due to one or more of
these other organisms cannot be ruled out. Attempts are often
made to control for these associated soil organisms, by applying water filtrates of inoculum or by inoculating NM controls
with live NM pot culture produced on the same host species in
the same location as AM pot culture. These are not perfect
controls—filtrates, for instance, only contain propagules
smaller than whatever fine mesh is used for filtering—but
they have been considered to provide better controls than
not making any attempt to standardize soil flora and fauna
across treatments. If NM soil organisms and the propagules of
these organisms move fairly freely within the experimental
growth chamber, greenhouse, or field site, then NM pot culture may be the best method of controlling for their potential
influence on host stomatal behavior (even better, NM pot
culture+filtrates). Across the 200 studies lacking a filtrate or
NM pot culture control, the AM effect was twice that observed
across the 65 studies that did employ NM pot culture as a
means of controlling for associated soil organisms. This suggests that caution is warranted in attributing AM treatment
effects solely to AM fungi. By introducing to NM controls
only those organisms having tiny propagule sizes, the same
may be true for water filtrate controls.
The ratio of variation among levels within moderators to
total variance, Qm/Qt, gives an indication of the relative importance of each environmental and symbiont moderator in
affecting the size of the AM modification of gs (Table 1).
Stomatal conductance data often contain a great deal of inherent biological variability because stomata are very sensitive to

numerous internal and most external variables (Meidner and
Mansfield 1968; Fitter and Hay 1987; Nobel 1991). These
variables change, sometimes quickly, during the day and from
day to day: e.g., leaf-to-air gradients in water vapor pressure
and CO2 concentration, light quantity and quality, temperature, wind, and leaf water and hormonal status. Consequently,
measures like gs within a population of similar individuals,
and even within one individual, can vary considerably from
day to day and even from minute to minute. Stomatal conductance can also vary with leaf age and with position on lamina.
This variability may be compounded by the effects of measurement procedures on stomata: shading and compression of
lamina, atmosphere changes by cuvettes, and moving plants
prior to making measurements (mechanical stress). For these
reasons, gs has much more potential to fluctuate than more
stable measures such as biomass or P accumulation, whose
values can generally be expected to remain similar from one
hour to the next. Consequently, one-time measurements of gs
may not be reliable indicators of AM treatment effects; multiple time-point measurements are usually needed to give
confidence in an effect or lack thereof. The majority of AM
studies in this meta-analysis (314 studies) reported gs at just
one time, adding to the inherently noisy aspect of the gs data.
We believe this contributed to the relatively low Qm/Qt ratios.
The meta-analysis does not identify causal relationships. It
establishes how different moderator variables have influenced
the magnitude of the AM effect sizes, which can assist our
understanding about when AM effects on gs have occurred
and situations that have promoted the AM effect. The moderator analysis should be useful in planning future experiments
to clarify mechanisms. As it appears important to assure a high
degree of root colonization, early tests that indicate relatively
low colonization may cause investigators to wait until roots
are more thoroughly colonized before measuring g s .
Characterizing mycorrhizal influence on stomatal opening
may be more fruitful under adequate irradiance. When controlling for plant size and or leaf P concentrations—producing
AM and NM plants that are similar in these regards—researchers can expect to see less mycorrhizal effect on gs than
when experiments are conducted in P-deficient soils and
without fertilization. The results of the meta-analysis indicate
the importance of quantifying the severity of the drought
treatment; measures of soil water status at time of gs measurement are important. Most articles did not detail inoculum
source or environmental origin of fungal isolates. Providing
this information, if known, would assist future quantitative
literature reviews, e.g., comparisons of xeric vs mesic isolates.
An overall AM promotion in gs of above 20 % is remarkable. Any variable causing an increase in gs of this magnitude,
viewed over a wide diversity of taxa and experimental conditions, can be expected to have important fundamental and
practical consequences. Stomata are the guardians of gas
exchange in higher plants (Meidner and Mansfield 1968;
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Weyers and Meidner 1990), providing paths for CO2 uptake
while governing the unavoidable efflux of water vapor under
widely and continually changing conditions. Stomata may
operate to minimize rates of evaporation at particular average
rates of assimilation (Cowan 1977), maximizing water use
efficiency. They may prevent drought injury through the
avoidance of xylem cavitations and possible consequent runaway embolism (Jones and Sutherland 1991). Stomatal regulation of transpiration is thought to act to maintain optimal leaf
temperature (Mahan and Upchurch 1988). By altering stomatal behavior, AM symbiosis can modify these processes, with
broad ecological and agricultural impacts.
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