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While direct plant responses to global change have been well characterized, indirect plant responses to global change, via altered species interactions, have received less attention. Here, we examined how plants associated with four classes of fungal
symbionts (class I leaf endophytes [EF], arbuscular mycorrhizal fungi [AMF], ectomycorrhizal fungi [ECM], and dark septate
endophytes [DSE]) responded to four global change factors (enriched CO2, drought, N deposition, and warming). We performed
a meta-analysis of 434 studies spanning 174 publications to search for generalizable trends in responses of plant–fungal symbioses
to future environments. Specifically, we addressed the following questions: (1) Can fungal symbionts ameliorate responses of
plants to global change? (2) Do fungal symbiont groups differ in the degree to which they modify plant response to global change?
(3) Do particular global change factors affect plant–fungal symbioses more than others? In all global change scenarios, except
elevated CO2, fungal symbionts significantly altered plant responses to global change. In most cases, fungal symbionts increased
plant biomass in response to global change. However, increased N deposition reduced the benefits of symbiosis. Of the global
change factors we considered, drought and N deposition resulted in the strongest fungal mediation of plant responses. Our analysis
highlighted gaps in current knowledge for responses of particular fungal groups and revealed the importance of considering not
only the nonadditive effects of multiple global change factors, but also the interactive effects of multiple fungal symbioses. Our
results show that considering plant–fungal symbioses is critical to predicting ecosystem response to global change.
Key words: arbuscular mycorrhizal fungi; class I endophytes; dark septate endophytes; ectomycorrhizal fungi; global change;
plant biomass; symbiosis.

Global change is occurring at an unprecedented rate, with a
2–3°C increase in mean annual temperatures, shifts in precipitation location and frequency, and a 200% increase in atmospheric
CO2 predicted in some regions by the end of the 21st century
(Soloman et al., 2007; Stott et al., 2010). Moreover, anthropogenic N deposition has doubled compared to preindustrial levels (Galloway et al., 2004) and is expected to increase another
2.5-fold over the next century (Lamarque et al., 2005). Predicting how terrestrial organisms will respond to these changes is
crucial, as their responses can feedback to enhance or ameliorate global change (Melillo et al., 2002; Ciais et al., 2005). Understanding the responses of land plants is particularly important
because plants not only control the flux of carbon into terrestrial
systems but also store a large portion of terrestrial carbon
(Schimel et al., 1995). Plants may respond to global change directly via altered physiology, fitness, or phenology and also indirectly through altered biotic interactions (Tylianakis et al.,
2008; van der Putten et al., 2010).
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Many studies have examined direct plant physiological responses to global change. For example, in a global meta-analysis,
LeBauer and Treseder (2008) showed that N additions mimicking
atmospheric deposition increased plant biomass across a variety of ecosystems. Similarly, a meta-analysis conducted by
Curtis and Wang (1998) found that elevated atmospheric CO2
concentrations caused a net increase in plant biomass. In contrast, drought conditions associated with climate change have
generally reduced plant biomass (Ciais et al., 2005; Flanagan
and Johnson, 2005). Global change factors also interact. For
instance, plant responses to elevated temperature may depend
on levels of soil moisture, with increased plant growth in mesic
conditions and decreased growth in xeric conditions (Lin et al.,
2010; Hoeppner and Dukes, 2012).
While these direct plant responses to global change have
been well characterized, indirect plant responses to global change,
via altered species interactions, have received less attention. In
particular, plants commonly interact with a myriad of fungal
symbionts that may influence their responses and feedbacks to
global change. Belowground mycorrhizal fungi and dark septate endophytes (DSE) occur in the roots of up to 80% of terrestrial plant species (Smith and Read, 2008). Aboveground,
plants interact with both vertically transmitted leaf endophytes
(e.g., Epichloë and Neotyphodium spp., Clavicipitaceae, Ascomycota) and horizontally transmitted endophytes (diverse species, mainly Ascomycota) (Rodriguez et al., 2009). Both above- and
belowground fungal symbionts can influence plant physiology
(Elmi and West, 1995), population structure (Rudgers et al., 2012),
community composition (van der Heijden et al., 1998; Clay and
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Holah, 1999; Hartnett and Wilson, 1999), decomposition (Lemons
et al., 2005), and nutrient cycling (van der Heijden et al., 2008).
Above- and belowground fungal symbionts have each independently been shown to alter plant responses to global change factors
including warming (Ju et al., 2006), altered precipitation (Augé,
2001), N deposition (Treseder, 2004), and increasing CO2 concentrations (Treseder, 2004). Furthermore, the outcomes of plant–
fungal symbioses can vary between mutualism and parasitism,
producing context-dependent responses to global change (Johnson
et al., 1997; Cheplick et al., 2000; Saikkonen et al., 2006; Johnson
et al., 2010). However, the field has yet to arrive at a universally
accepted theoretical or quantitative understanding of how plant–
fungal symbioses will behave under global change.
Here, we examine responses of plants associated with four
classes of fungal symbionts (class I leaf endophytes, arbuscular
mycorrhizal fungi, ectomycorrhizal fungi, and dark septate endophytes) to four global change factors (enriched CO2, drought, N
deposition, and warming) to search for generalizable trends in the
responses of plant–fungal symbioses to future environments.
Specifically, we addressed the following questions. (1) Can fungal symbionts ameliorate the response of plants to global change?
(2) Do fungal symbiont groups differ in the degree to which they
modify plant response to global change? (3) Do particular global
change factors affect plant–fungal symbioses more than others?
BACKGROUND: BIOLOGY OF PLANT–FUNGAL
SYMBIOSES UNDER GLOBAL CHANGE
Leaf endophytes—Class I endophytes (EF) in the genus Neotyphodium along with its sexual teleomorph Epichloë occur systemically in an estimated 20–30% of grass species (Leuchtmann, 1992;
Rudgers et al., 2009). These fungi can protect the plant host from
herbivory (Rudgers and Clay, 2008), drought (Elmi and West,
1995; Schardl et al., 2004; Kannadan and Rudgers, 2008), and nutrient stress (Malinowski and Belesky, 1999). Because they produce N-rich alkaloid compounds as bioprotectants, EF may become
costly at low nutrient levels (Cheplick et al., 1989). Class I endophytes vary in frequency over environmental gradients (e.g.,
Bazely et al., 2007; Granath et al., 2007), suggesting that their distributions are affected by climate. Indeed, EF presence has been
reported to be higher in plants in drought-stressed relative to more
mesic natural systems (Lewis et al., 1997; Leyronas and Raynal,
2001), but see (Cheplick et al., 2000; Rudgers and Swafford, 2009).
They also have the potential to mediate plant responses to global
change by altering plant population dynamics (Rudgers et al.,
2012), community composition (Clay and Holah, 1999), succession (Rudgers et al., 2007), and even ecosystem level processes,
such as aboveground productivity (Rudgers et al., 2004), decomposition (Lemons et al., 2005), and N or carbon pools in the soil
(Franzluebbers et al., 1999; Franzluebbers and Hill, 2005).
Arbuscular mycorrhizal fungi—Arbuscular mycorrhizal fungi
(AMF) in the phylum Glomeromycota form symbioses with 80%
of land plants (Smith and Read, 2008) and have a worldwide distribution (Öpik et al., 2010). They can receive up to 30% of a plant’s
photosynthates (Drigo et al., 2010) and in exchange provide plants
with up to 80% of their required N or P (van der Heijden et al.,
2008). In addition, AMF can enhance plant drought tolerance
(Jakobsen and Rosendahl, 1990; Augé, 2001) and protect plants
from pathogens (Sikes et al., 2009; Sikes et al., 2010). However,
individual AMF isolates differ in their relative benefit to host
plants, and these benefits can decrease in soils with high nutrient
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concentrations (Johnson et al., 1997; Hoeksema et al., 2010). AMF
can have large impacts on ecosystems, as they can alter plant community composition (Hartnett and Wilson, 1999) and ecosystemlevel nutrient cycling (van der Heijden et al., 2008).
Ectomycorrhizal fungi—Ectomycorrhizal fungi (ECM) occur
in up to 6000 plant species and are mainly widespread in coniferous tree species (Wang and Qui, 2006; Rinaldi et al., 2008;
Smith and Read, 2008). ECM provide increased plant acquisition of both inorganic and organic soil nutrients and in return
can receive up to 50% of plant photosynthate (Simard et al.,
2002). In drought-prone ecosystems, ECM networks can redistribute water from deep soils to roots via hydraulic lift (Querejeta
et al., 2007) and move water among roots of drought-stressed
plant species (Egerton-Warburton et al., 2007). The ability of ECM
to mediate host response to global change has mainly been observed in response to N deposition, CO2 increases, and drought.
For example, under high soil N concentrations, ECM can become parasitic to some plants relative to nonmycorrhizal controls (Jonsson et al., 2001), ostensibly because the plant is not
receiving a fungal benefit under these conditions. Alternatively,
under enriched atmospheric CO2, ECM are often more beneficial to plant hosts because soil nutrients become increasingly
limited (Choi et al., 2005). While few studies have manipulated
ECM directly in natural plant communities, ECM can affect
competition between plants (Booth and Hoeksema, 2009), primary productivity (Jonsson et al., 2001), and soil nutrient cycling (Chalot and Brun, 1998; Chapela et al., 2001).
Dark septate endophytes— Dark septate endophytic fungi
(DSE) occur in the roots of at least 600 plant species (Jumpponen
and Trappe, 1998) and are mostly within the Ascomycota. These
fungi have wide distributions and are especially abundant in
alpine, arctic, and desert ecosystems (Read and Haselwandter,
1981; Jumpponen et al., 1998; Herrera et al., 2010; Porras-Alfaro
and Bayman, 2011). The ecological function of most DSE is
unknown, although they can improve plant growth (Newsham,
2010), potentially by accessing organic forms of N and P
(Haselwandter and Read, 1982; Jumpponen et al., 1998) or soil
moisture (Barrow, 2003). Despite the idea that nutrient-acquiring
fungal symbionts may become less beneficial under N deposition (Johnson et al., 1997), a recent meta-analysis suggested
that DSE benefits to plants did not vary with applications of
inorganic N fertilizer (Newsham, 2010); however, they did increase plant biomass under additions of organic N fertilizer relative to control conditions. In addition, DSE are highly melanized,
which may allow them to withstand extreme temperatures and
drought and thereby increase plant growth under these conditions (Jumpponen and Trappe, 1998; Barrow, 2003). The role of
DSE in influencing plant communities or ecosystem processes
remains unresolved. However, differential growth rates of plant
species with the same DSE have been described (Reininger et al.,
2012), suggesting that DSE may alter the outcome of plant competition. Moreover, because DSE have the capacity to degrade
organic N and P compounds (Jumpponen and Trappe, 1998)
and provide them to their plant hosts (Usuki and Narisawa,
2007), they may also affect ecosystem-level nutrient and carbon
cycling. Experiments in natural settings are needed before the
ecological roles of DSE can be fully appreciated. Thus, the
response of DSE to global change remains unclear.
Predictions of plant response to global change—Using current knowledge of the biology of plant–fungal symbioses, we
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generated expectations about how symbionts could modify plant
response to global change factors. (1) We predicted that EF
would increase plant biomass in response to all four factors we
examined—warming (temperature), drought, atmospheric CO2
concentration, and N deposition—because the most commonly
observed endophyte benefits have been protection against drought
and the most likely costs occur under low nutrient levels. (2) We
expected that AMF and ECM would enhance plant biomass in
response to warming, drought, and elevated atmospheric CO2.
Conversely, we hypothesized that AMF and ECM would have
weak effects or even decrease plant biomass under N deposition
because plants may gain few to no benefits from symbiontassisted nutrient acquisition under high soil nutrient concentrations. (3) Hypotheses for DSE remain unclear, given the small
number of experimental studies; if DSE primarily ameliorate water
stress, then we should see positive effects on host plants under high
temperatures and drought. However, if benefits include nutrient
acquisition, these benefits would weaken under N deposition.
Symbiont interactions—Plants simultaneously associate with
many fungal symbionts in nature. However, few studies examine
how interactions between multiple symbionts can affect plants
under global change. Multiple plant–fungal symbioses within the
same host can complicate the ability to predict plant responses to
global change. Pairwise studies may underestimate the effects of
fungal symbiosis if multiple fungi act synergistically to benefit
hosts or may overestimate these effects if hosting multiple partners reduces the benefits of symbioses (e.g., via antagonistic interactions among the multiple fungi). In a recent meta-analysis,
Larimer et al. (2010) indicated that concurrent colonization by
both AMF and EF generally enhanced the growth of grass hosts.
However, this relationship can be context dependent, as endophytes and AMF have been reported to have additive or synergistically beneficial effects on hosts (Novas et al., 2009; Larimer et
al., 2012), no interaction (Chen et al., 2007), or antagonistic interactions (Chu-Chou et al., 1992; Müller, 2003; Omacini et al.,
2006; Mack and Rudgers, 2008; Liu et al., 2011). Similarly, ECM
and AMF may ameliorate negative effects of DSE (Reininger and
Sieber, 2012) or have no interaction with DSE (Mandyam and
Jumpponen, 2008). Overall, interactions among multiple symbionts can span the full range from negative to positive, depending
on environmental and biotic mechanisms that are not yet fully
resolved. Because only a few studies have manipulated multiple
symbionts under global change, we were precluded from quantifying their effects on plant response to global change. Instead, we
summarize the results from current studies and highlight topics in
need of more research.
MATERIALS AND METHODS
Using meta-analysis, we quantified the effects of both above- and belowground plant–fungal symbioses on plant biomass under predicted global change
scenarios. Studies were collected by performing a literature search in ISI Web
of Science through July 2012 using the keywords of mycorrhiza* or endophyte
AND stress, drought, warming, temperature, N, or CO2. We screened the results to obtain studies that examined the response of plant biomass, both with
and without a fungal symbiont, to at least one of the following global change
factors: atmospheric CO2 enrichment, drought stress, N deposition, and warming. We also collected studies from published meta-analyses (Hoeksema et al.,
2010; Worchel et al., 2013). Furthermore, we only included studies that examined plant response to drought (not flooding), plant response to N addition in
isolation (without fertilization by other elements), or plant response to warming
(not cooling), as these treatments more closely mimic the most commonly predicted global change scenarios. In total, we examined 434 studies spanning 174
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publications (Appendix S1, see Supplemental Data with the online version of
this article). The majority of studies were conducted in the greenhouse (N = 423
studies; 97%).
Data collection—We focused on plant biomass responses, as these data
were reported in the majority of studies (in contrast to other measures such as
seed production). When plant biomass was not reported (N = 5 studies from
three publications), we collected other metrics of plant growth, such as plant
height, leaf elongation rate, or tiller length (online Appendix S1). When available, means, sampling dispersion (standard error and/or standard deviation)
and sample sizes were collected for each data point (N = 185 studies). Otherwise, we estimated the standard deviation as the mean divided by the square
root of the sample size (N = 249) (Borenstein et al., 2009). We digitized data
presented graphically using WebPlotDigitizer v. 2.4 (Rohatgi, 2011). Because
data from the same study were not statistically independent (Gurevitch and
Hedges, 1999), for each study, we only collected data from the longest time
point and the most extreme manipulation. We included multiple data points
from studies that compared effects of more than one class of fungal symbionts
or multiple fungal taxa within a class of symbionts when such manipulations
could occur independently.
To examine the influence of publication identity, in cases where multiple
studies came from the same publication, we conducted an analysis including
publication as a random effect on of the subset of data (N =336 [or ~80%] of
434 total records analyzed) for which there were multiple records per study.
Unfortunately, this analysis had greatly reduced sample sizes per fungal symbiont × global change factor combination, limiting our ability to test the original
hypotheses (98 publications were included as a single record). In addition, 48%
of the publications with more than one record were represented by only two
records, which provided extremely low replication for estimating the variance
explained by publication identity. In all but six publications, multiple records
per publication reflected independent tests of different species of fungi and/or
plants to the same global change factor.
As an alternative, and more robust, test of the importance of publication
identity, we created a reduced data set in which each publication was represented by only a single record. We chose records at random from among the
multiple records per study, except in the six publications where more than one
fungal symbiont type and/or global change factor were examined. For this small
subset, we chose the record that corresponded to least represented fungal symbiont type × global change factor combination in our overall data set, to maximize
our coverage. This reduced data set had a total of 175 publications (1 record
each). We applied the same analyses as for the full data set, and we report any
cases where analysis of the full and reduced data sets diverged.
Effect size metrics—We conducted an interaction meta-analysis following
Hawkes and Sullivan (2001). We used two metrics for effect size. First, we
calculated the log-response ratio (LRR), a standard metric for meta-analysis.
The main effect of each global change manipulation was calculated as:
LRR global change = ln Yt ,s + ln Yt ,n  ln Yc ,s + ln Yc ,n

,

the main effect of having a fungal symbiont was calculated as:
LRR symbiont = ln Yt ,s + ln Yc ,s  ln Yt ,n + ln Yc ,n

,

and the interaction term was calculated as:
LRR interaction = ln Yt ,s  ln Yc ,s  ln Yt ,n  ln Yc ,n

,

where Y is the sample mean for t = treatment or c = control for the global change
manipulation and s = symbiont or n = no symbiont. Second, we determined the
relative interaction intensity metric:
RII = Yt  Yc

Yt + Yc

and variance of RII following Armas et al. (2004). The RII is an improvement
on LRR because it is bounded between −1 and 1 and symmetrical around zero;
the LRR is unbounded and cannot be computed if the control group response
variable is zero (Hedges et al., 1999; Armas et al., 2004). For RII, the main effect of each global change manipulation was calculated as:
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RIIglobal change =

Yt ,s + Yt ,n
Yt ,s + Yt ,n



Yc ,s + Yc ,n

,

Yc ,s + Yc ,n

the main effect of having a fungal symbiont was calculated as:

RIIsymbiont =

Yt ,s + Yc ,s
Yt ,s + Yc ,s



Yt ,n + Yc ,n
Yt ,n + Yc ,n

,

and the interaction term was calculated as:

RIIinteraction =

Yt ,s  Yt ,n
Yt ,s + Yt ,n



Yc ,s  Yc ,n
Yc ,s + Yc ,n

.

Data analysis—Data were analyzed with weighted general linear models that included the fixed effects of symbiont type (EF, AMF, ECM, or
DSE) and global change factor (enriched CO2, drought, N deposition, and
warming) (Proc MIXED, SAS v. 9.3, SAS Institute, Cary, North Carolina,
USA) following Hoeksema et al. (2010). We could not test for a global
change factor × symbiont type interaction because not all symbiont types
were represented across all global change factors. Therefore, we decomposed the analysis by running a separate model for each global change factor; these models included the fixed effect of symbiont type. We only
analyzed global change factors and symbiont groups with more than three
comparisons. Response variables were the effect size metrics (RII and LRR)
for (1) the magnitude of the global change effect, (2) the magnitude of the
symbiont effect, and (3) the magnitude of the interaction between symbionts and global change. We weighted each effect size with the inverse of the
pooled study variance, calculated as:

Vi =

st2,s
s2
s2
s2
+ t ,n 2 + c ,s 2 + c ,n 2 ,
2
nt ,sYt ,s nt ,nYt ,n nc ,sYc ,s nc ,nYc ,n

with Y = sample mean, n = sample size, and s = standard deviation. We
did not observe any publication bias from a scatter plot of effect size vs.
sample size. However, three records were excluded from the final analysis
as extreme outliers due to the combination of their effect sizes and associated weights (two from Bunn et al. [2009], one from Corkidi et al. [2002],
giving n = 432 records). Four records were excluded from the analysis of
the reduced data set (Huang et al. [2011], Kannadan and Rudgers [2008],
Sanchez-Blanco et al. [2004], Donoso et al. [2008], giving n = 171 records)
due to outlier weights. In addition, because fewer than 10 studies examined
the responses of ECM or DSE to some global change factors, we could
not make quantitative comparisons of these groups for some factors, but
we do present the general patterns. In all cases, analyses met assumptions
of normality of residuals and homogeneity of variance. Overall, there was
little divergence in results between the two effect size metrics, LRR and RII.
Therefore, we focused our presentation on RII. RII is easier to visualize and
assimilate the strength of the effect than LRR because the scale is confined
between −1 and 1. However, we discuss all cases where LRR results differed from RII.
These analyses provided direct statistical tests of our questions. (1) Can
fungal symbionts ameliorate the response of plants to global change? This
would be confirmed by RII/LRR interaction effect sizes that are significantly
greater than zero. Specifically, a significantly positive interaction effect size
indicates that the presence of the symbiont minimized the effects of global
change relative to symbiont-free plants. In contrast, a significantly negative
interaction term indicates that the presence of the symbiont exacerbated the
effect of the global change factor. (2) Do fungal symbiont groups differ in the
degree to which they modify plant response to global change? This would be
confirmed by a significant effect of symbiont type on the RII/LRR interaction
effect. (3) Do particular global change factors affect plant–fungal symbioses
more than others? This would be confirmed by a significant symbiont type
effect on the RII/LRR interaction effect in models for individual global
change factors.

RESULTS
Fungal symbionts altered the magnitude of plant response
to global change for all factors we examined, except elevated
CO2. Studies on drought and N deposition showed the strongest
influences of fungal symbionts on plant responses to global
change, whereas studies on temperature showed weaker effects
of symbionts on plant response to global change. These differences were evidenced by a significant effect of the identity of
the global change factor on the magnitude of the interaction effect size (F3,424 = 19.6, P < 0.0001). For both drought (mean RII
[95% CI] = 0.09 [0.07, 0.10]) and N (−0.06 [−0.10, −0.01]), the
interaction effect size was significantly different from zero, but
symbionts had opposite effects on plant responses. Fungal symbionts ameliorated the negative effects of drought, as evidenced
by a positive mean effect size, whereas fungal symbionts had
not only weaker, but negative effects, on plant growth relative
to symbiont-free conditions under N fertilization. Analysis of
the reduced data set confirmed these results.
The type of global change factor (F3,424 = 129.7, P < 0.0001)
and the type of fungal symbiont (F3,424 = 32.1, P < 0.0001)
strongly affected the magnitude of the global change effect size,
indicating that global change factors differed in how much they
affected plant biomass, and that studies on different symbionts
also varied in the overall magnitude of plant response to global
change. Not surprisingly, plant response to drought was significantly negative overall (RII = −0.14), while responses to CO2,
N, and temperature were all positive and of similar magnitudes
(RII = 0.10–0.15). Studies on plant-EF symbioses generally
showed stronger net plant responses to global change factors
(RII = 0.13) than did studies on other fungal symbionts (RII =
0.02–0.04) in the analysis of the full data set. However, when
the data set was reduced to a single record per study, the significant effect of type of fungal symbiont on the global change effect size disappeared (F3,164 = 1.39, P = 0.25), suggesting that
the fungal effect in the full data set arose from unequal representation across publications.
The effect size for the presence of the symbiont (averaged
over global change factors) varied among fungal symbiont
types (F3,424 = 10.9, P < 0.0001) and among studies on different
global change factors (F3,424 = 28.5, P < 0.0001). When averaged over all studies and global change factors, AMF and DSE
had consistently positive effect sizes on plant biomass (both RII =
0.04), whereas ECM and EF effect sizes did not significantly
differ from zero. Analysis of the reduced data set confirmed
results from the full. These results suggest that ECM and EF may
be more likely than the other symbionts to show context-dependency
in response to global change. In the next section, we report plant
responses to each global change driver in greater detail.
Elevated CO2— Studies on CO2 enrichment spanned AMF,
DSE, and ECM, but no CO2 experiments on EF reported the
response of host plant biomass to factorial manipulation of
CO2 and the endophyte, highlighting a gap in current research
(Table 1). For the three fungal groups with adequate representation, presence of the symbiont did not alter the influence of
CO2 on host plant performance. That is, there were no interaction effects that significantly deviated from the null expectation (zero) (Fig. 1A). In addition, there were no differences
among fungal groups in the magnitude of the interaction effect size (F2,43 = 0.7, P = 0.935)—for all fungal groups, fungal
presence had no effect on plant response to CO2. Not surprisingly, elevated CO2 caused a net increase in plant biomass
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TABLE 1.

Number of publications and studies for each fungal symbiont
group and global change factor.

Factor

Arbuscular
Dark
Endophytic mycorrhizal Ectomycorrhizal
septate
Total
fungi
fungi
fungi
endophytes

A) Number of publications
2
Elevated CO2 26
Drought
116
24
N deposition 31
5
Warming
25
0
B) Number of studies
Elevated CO2 49
Drought
219
N deposition 81
Warming
90

3
32
5
0

16
79
11
23

10
11
13
0

1
3
1
2

19
150
16
69

20
32
59
0

7
4
1
21

(“CO2 effect”, Fig. 1A), with similar magnitudes of effect size
across plants hosting the three fungal groups (F2,43 = 0.3, P =
0.777). However, the effect size for fungal symbiont presence
differed among fungal groups (“symbiont effect”, Fig. 1A,
F2,43 = 3.4, P = 0.045), with the strongest average benefit to
hosts of AMF, a weaker benefit to hosts of DSE (with large
variation around the mean), and no significant average benefit
to hosts of ECM (Fig. 1A). Results for LRR and for the reduced
data set (which lacked sufficient replication to test DSE) were
identical to RII, with one exception: Neither showed any significant difference among fungal groups in the effect size for
fungal symbiont presence on host biomass (LRR F2,43 = 2.1, P =
0.136; reduced data set F2,18 = 0.1, P = 0.80).
Drought— Studies manipulating water availability had the
best coverage across fungal groups, with some published work
on all four types of symbionts, although the number of records
for DSE studies was very low (n = 4, Table 1), and DSE studies could not be included in analysis of the reduced data set
(n = 2). For all four fungal groups, presence of the symbiont
reduced the negative effects of drought, as indicated by a significantly positive interaction effect term (Fig. 1B). There was
no effect of fungal symbiont group on the magnitude of the
interaction effect size (F3,213 = 1.6, P = 0.197), indicating that
all groups effected similar levels of drought amelioration in
host plants. As expected, all symbiont groups improved plant
performance, with the strongest main effect size for DSE, and
the weakest main effect for EF (“symbiont effect”, Fig. 1B,
fungal group: F3,213 = 12.7, P < 0.0001). Also, as expected,
drought consistently reduced plant performance (negative effect sizes, “drought effect”, Fig. 1B). For the full data set, the
magnitude of the drought effect was strongest for studies on
hosts of AMF and weakest for studies on hosts of EF (F3,213 =
38.5, P < 0.0001); in the reduced data set, there were no significant differences among fungal symbiont groups, although
they followed the same rank order (F2,92 = 0.2, P = 0.84). Differences among fungal groups in the magnitude of the drought
effect on host plants may simply reflect differences among
fungal researchers in the choice of experimental design to manipulate drought or could indicate differences that reflect plant
phylogeny (e.g., if different host species were often studied
for different fungal groups). Analysis of LRR as an alternative
effect size metric were consistent with RII, excepting that
LRR did not show differences among fungal groups in the
magnitude of the effect size for drought (consistent with reduced data set result).
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Nitrogen deposition— Studies manipulating N lacked coverage of DSE and had low replication for EF (n = 5 records, Table 1).
Examination of the available data showed that plant response to
N was weaker in the presence of symbionts than in their absence
(i.e., significantly negative interaction effect sizes; Fig. 1C; interaction effect size compared across fungal groups: F2,76 = 2.1,
P = 0.126). Only for EF was the interaction effect size positive,
but it was not statistically significantly different from zero or
from the interaction effect sizes for hosts of other fungal groups
(Fig. 1C). As anticipated, N had positive effects on plant biomass/growth estimates, and there was no significant divergence
among fungal groups in this effect size (“Nitrogen effect”, F2,77 =
1.5, P = 0.225; Fig. 1C). Averaged across N treatments, AMF
presence improved plant performance the most, followed by EF
(“symbiont effect”, Fig. 1C; fungal groups: F2,77 = 9.1, P <
0.001). Among the symbionts, only ECM had no significant
overall effect on host plant performance (Fig. 1C), and in the
analysis of the reduced data set, the effect of ECM was significantly negative (RII [95% CI] = −0.11 [−0.08 to −0.03]). This was
the only difference in results between the reduced and full data
sets. The only divergence in results for the LRR relative to the RII
was that studies on host plants with AMF showed significantly
larger net effect sizes for N addition (“nitrogen effect”) compared
to studies of ECM, which could simply reflect differences in methodologies among studies conducted on different fungal groups.
In the one study that has manipulated N and DSE colonization,
N addition increased plant biomass more in the presence of the
DSE, Phialocephala fortinii, in N-poor soils (Jumpponen et al.,
1998). Clearly, more research must be conducted in multiple
ecosystems before generalizable responses of DSE to N deposition
can be determined (see also Newsham, 2010).
Warming— Sample sizes from published studies were only
sufficient to examine the responses of AMF and DSE to temperature manipulations. For both fungal symbionts, plants were
more sensitive to the benefits of temperature increases in the
presence of the symbiont than in its absence, as indicated by
positive interaction effect sizes (Fig. 1D). However, the interaction RII only significantly differed from zero for DSE (interaction effect size compared between fungal groups: F1,88 = 8.3, P =
0.005). Averaged over temperature treatments, DSE (unexpectedly) reduced plant performance, and the main effect of AMF
presence was not significantly different from zero (“symbiont
effect”, Fig. 1D; fungal group: F1,88 = 49.5, P < 0.0001). The
DSE studies were dominated by records from a single publication (Reininger et al., 2012), which manipulated the presence of
different strains of the root endophyte, Phialocephala fortinii
on two tree species, Picea abies and Betula pendula. This DSE
appears to function as a parasite with respect to plant biomass.
Higher temperatures reduced the parasitic effects of the fungus,
thereby contributing to a positive interaction effect. Finally, elevated temperatures generally increased plant performance in
studies on AMF, but we detected no average effect of temperature on plant growth across DSE treatments, reflecting the importance of DSE in mediating plant response to temperature
(“temperature effect”, Fig. 1D). The differences between AMF
and DSE in the magnitude of the temperature effect were statistically significant (F1,88 = 9.8, P = 0.002). Results for LRR were
qualitatively the same as for RII, although the P values for differences among fungal groups in both the temperature effect
size and the interaction effect size were marginal (P = 0.06).
Results from the reduced data set had too little coverage of DSE
(n = 2 publications) to permit analysis. Effects of AMF in the
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Fig. 1. Plant responses in presence and absence of fungal symbionts to (A) elevated CO2, (B) drought, (C) N addition, (D) increased temperature.
Effect sizes, calculated as the relative interaction intensity, RII, for plant responses to global change factors. In all panels, the “CO2 effect” (or other
global change factor) shows the net plant response to elevated CO2 (averaged over the symbiont treatment) for studies on each fungal symbiont group.
“Symbiont effect” shows the net plant response to the presence of a symbiont (averaged over the CO2 treatment) for each fungal group. “Interaction
effect” shows the magnitude of the interaction between symbiont presence and the CO2 manipulation. Symbols show means and bars are 95% confidence intervals. Letters indicate significant differences among symbiont groups within an effect size metric as shown by post hoc Tukey honestly significant difference (HSD) tests.

reduced dataset (n = 22 publications) showed the same pattern as
did analysis of the full dataset—only the AMF symbiont effect
size on host plant biomass was significantly different from zero.
DISCUSSION
(1) Can fungal symbionts ameliorate the response of plants
to global change?— In all global change scenarios that we examined, except elevated CO2, at least one group of fungal symbionts significantly altered plant responses to global change. In
most cases, fungal symbionts increased plant biomass, ameliorating the negative consequences of global change. The exception
was symbiont effects under N deposition. Fungal symbioses are

ubiquitous in natural systems (Leuchtmann, 1992; Jumpponen
and Trappe, 1998; Smith and Read, 2008; Porras-Alfaro and
Bayman, 2011). Therefore, individual plant responses to global
change may often be mediated by fungal symbionts. Although
the focus of our meta-analysis was on individual plant responses
(because of the data currently available), the effects of plant–
fungal symbioses may extend beyond individual plants, given
the known influences of plant-fungal symbioses on plant population dynamics (Rudgers et al., 2012), community composition
(Hartnett and Wilson, 1999), interactions with other trophic levels
(Gehring and Whitham, 1994), and ecosystem-level nutrient
cycling (van der Heijden et al., 2008). Considering the potentially large-scale impacts of fungal symbionts on plant communities in response to global change, it is critical to improve our
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knowledge of how all plant-fungal symbioses respond to global
change conditions.
Our meta-analysis revealed gaps in current research on the
responses of plant–fungal symbioses to global change. Notably,
the effects of mycorrhizal symbionts on plant growth are better
understood than those of other fungal symbiont groups; most of
the studies in our meta-analysis manipulated the presence of
either AMF or ECM. For example, under elevated CO2, only
two publications manipulated EF and only one publication manipulated DSE, which precluded formal analysis of studies on
these symbionts. Similarly, the effects of AMF and ECM on
plant response to drought are well defined, while DSE have
only been manipulated in three publications on three taxa (two
on Trichoderma spp., one on Sebacina). Nitrogen fertilization
experiments have also largely focused on AMF and ECM; only
one publication manipulated DSE while five manipulated EF.
Overall, few studies have examined plant biomass in response
to manipulations of fungal symbionts under warmer temperatures. However, AMF have most often been manipulated in
warming experiments, while ECM and EF effects on plant biomass have not, to our knowledge, been studied in this context.
Overall, there is a paucity of data on the effects of all global
change factors on symbioses between DSE and plants. DSE
have only recently been characterized in detail (Porras-Alfaro
and Bayman, 2011; Mandyam et al., 2012) and only for some
ecosystems, so it is not surprising that DSE-plant symbioses
have not received much attention in the context of global change.
However, the roles of EF in plant response to global change
have also not received much attention outside of drought manipulations. While, we focused on four groups of fungal symbionts,
there are additional plant–fungal symbioses that we did not include. For example, horizontally transmitted leaf fungal endophytes (class II and class III endophytes, Rodriguez et al., 2009)
are prevalent in natural systems and can confer plant tolerance
to thermal stress (Redman et al., 2002), salinity (Rodriguez et al.,
2008), and drought (Giauque and Hawkes, 2013). More studies
manipulating EF, DSE and other horizontally transmitted endophytes under all global change scenarios would yield greater
insight into how plants will respond to global change.
(2) Do fungal symbiont groups differ in the degree to which
they modify plant response to global change?— All fungal
symbionts (EF, AMF, ECM, and DSE) increased plant growth
to a similar degree under drought (Fig. 1). For the other three
factors of global change, different fungal groups distinctively
altered plant growth responses to the different global change
factors. DSE increased plant growth under warming (Reininger
et al., 2012). Under N deposition, mycorrhizal symbionts (AMF
and ECM) reduced the benefits of fertilization to plants. Most
symbionts had average effect sizes that were positive, although
in several cases, particularly for EF and ECM, these “symbiont
effect sizes” were not significantly different from zero. These results emphasize that symbiont effects differ and are commonly
context-dependent under treatments mimicking global change.
(3) Do particular global change factors affect plant–fungal
symbioses more than others?— Plant–fungal responses varied
strongly among the four factors of global change we examined.
Drought and N deposition resulted in stronger fungal mediation
of plant responses than did temperature, and studies of elevated
CO2 showed no effects of symbionts in modifying plant responses. However, more symbiont groups were manipulated
under drought and N fertilization so this may skew our results.
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While it is not surprising that factors of global change varied in
the strength of their effects on plant–fungal symbioses, our results are instructive in highlighting the contexts in which fungal
symbionts may deserve the most attention. Specifically, current
data suggest that studies on drought and N deposition could
benefit the most from incorporating plant–fungal interactions
into predictions of plant response.
Applying small-scale studies to natural ecosystems—Most
studies in our meta-analysis were conducted within the greenhouse and therefore may not reflect responses in natural ecosystems for a variety of reasons. For example, in greenhouses
plants are usually grown in isolation, while in natural systems
both positive and negative species interactions (such as facilitation, herbivory, interspecific competition) can influence plant
responses (Tilman, 1982; van der Putten, 2012). Additionally,
plants in the greenhouse are typically grown with a limited
number of fungal symbionts compared to the complex symbiont assemblages experienced in natural systems. Moreover,
interactions between plants and microbial symbionts vary temporally (Kardol et al., 2006), with large shifts in fungal symbiont communities with succession (van der Putten et al., 1993)
and time since invasion (Hawkes et al., 2006). Complex interactions between plants and fungal symbionts in natural systems
may make it difficult to apply our meta-analysis results outside
of the greenhouse.
In an effort to assess the applicability of the trends we observed to natural environments and field settings, we will discuss current understanding of plant and fungal responses to
each global change factor gained from field observations and
studies conducted outside of the greenhouse. While these studies did not include factorial manipulations of symbiont presence
and global change factors, and thus, were not eligible for our
meta-analysis, they provide some insight into the ability to scale
up from small scale, manipulative studies. In addition, we address whether the fungal response to each global change driver
tracks the same patterns observed for plants in our meta-analysis.
Elevated CO2—Our meta-analysis showed that elevated atmospheric CO2 concentrations increased plant biomass, regardless of the presence of fungal symbionts. The presence of fungal
symbionts did not affect plant response to CO2. Results from
the field suggest that fungi may directly increase under elevated
CO2, but without influencing plant growth, which would explain
the results of our meta-analysis. Specifically, a meta-analysis
by Treseder (2004) demonstrated that, on average, elevated CO2
increased extraradical AMF hyphal biomass (fungal biomass
outside of the roots) by 36%. Soil fungal biomass and intraradical ECM biomass also have shown increases in response to
elevated CO2 (Alberton et al., 2005; Garcia et al., 2008). Because
CO2 enrichment creates progressive nutrient limitation in soils
over time (Treseder and Allen, 2002), plant biomass and fungal
biomass increases may be largely independent, with no effect
of the fungi on the magnitude of plant response. Under nutrient
limitation, fungal symbionts may become less beneficial as they
can provide fewer soil resources in exchange for plant C. The
responses of other types of plant–fungal symbioses to elevated
CO2 remain unresolved. Two studies suggest that EF may benefit plants under increased atmospheric CO2. In a multiclimate
change experiment, Brosi et al. (2011) showed that under enhanced
CO2 concentrations, a higher frequency of plants were colonized by EF than under ambient CO2 conditions. Similarly,
Marks and Clay (1990) observed an increased benefit of EF on
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plant growth under elevated CO2, but only when soil nutrients
were not limiting. Because EF typically produce N-rich alkaloids that can deter herbivores, we expect any benefits under
CO2 to be highly dependent on the nutrient status of the soil
(see also Cheplick et al., 1989; and nitrogen section later) and
on whether elevated CO2 intensifies herbivore pressure. Finally,
for DSE, the one publication in our meta-analysis (several fungal species on Scot’s pine, Alberton et al., 2010) suggests that
this group will not affect plant response to CO2, but more data
are clearly needed.
Drought—Our meta-analysis showed that drought uniformly
decreased plant biomass and the presence of any type of fungal
symbiont significantly increased plant growth under drought,
ameliorating the negative effects of this global change factor.
Evidence from the natural distributions of fungal symbionts
suggests that fungi may commonly increase plant tolerance to
drought in natural ecosystems. For instance, EF frequency was
higher in natural plant populations that experience frequent
drought relative to populations in mesic areas (Lewis et al.,
1997; Leyronas and Raynal, 2001). Likewise, the abundance of
AMF is often inversely correlated with soil moisture (e.g., Hartnett
and Wilson, 1999), suggesting that AMF benefit plants under
drought. Moreover, DSE often occur in arid or semiarid ecosystems where they may provide drought tolerance to their hosts
(Porras-Alfaro et al., 2008). Results from these natural patterns,
combined with the experiments reviewed here suggest that both
above- and belowground fungal symbionts may become more
prevalent in ecosystems under the increased drought frequency
predicted by climate change models.
Nitrogen deposition—Nitrogen fertilization increased plant
growth, but generally decreased the benefit of symbionts in our
meta-analysis. None of the symbionts we tested increased plant
growth under N fertilization, and ECM and AMF actually decreased plant growth under high nitrogen. Similarly, a recent
meta-analysis showed that N fertilization decreased plant growth
relative to unfertilized plants when mycorrhizas were present,
indicating this pattern may be quite general for mycorrhizal
symbionts (Hoeksema et al., 2010). The direct effects of N deposition on the biomass of mycorrhizal fungi are well characterized. On average, N addition decreases AMF and ECM fungal
biomass belowground by ~15% (Brandrud and Timmermann,
1998; Wallenda and Kottke, 1998; Nilsson and Wallander, 2003;
Treseder, 2004). The mechanism driving these declines is likely
that plants reduce investment in their nutritional fungal symbionts when plants can acquire N directly from soils (Johnson
et al., 1997). However, this exact pattern of this response may
depend on the overall level of nutrient limitation in the system. In very nutrient-poor systems such as the arctic tundra,
N addition can actually increase ECM biomass, presumably
by alleviating N limitation of the fungus itself (Clemmensen
et al., 2006). In less nutrient-limited systems, even small increases in N may result in a shift from fungal mutualism to parasitism or abandonment of the fungus by the plant (Johnson
et al., 2010). Because the general response for mycorrhizal
symbioses seems to be a decrease in fungal biomass and increase in plant biomass under N fertilization, these symbioses
may be degraded under future N deposition scenarios (see also
Kiers et al., 2006).
In contrast to mycorrhizal symbioses, the response of EF to
N is often context dependent, which may explain why EF did
not show a net effect on the plant response to N fertilization in
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our meta-analysis. High levels of background soil N appear to
confer more benefits of the endophyte to plants (possibly due to
greater N-rich alkaloid production), while low levels of soil N
tend to decrease the benefits of symbiosis (possibly due to the
costs of alkaloid production) (e.g., Cheplick et al., 1989). Therefore, we predict that N deposition should increase the beneficial
effects of EF if it increases alkaloid production or otherwise
reduces the cost to the plant of hosting the endophyte. Unfortunately, too few data on DSE exist to make firm predictions
about the effects of N deposition on these plant symbionts. However, some data suggest that the form of N (inorganic vs. organic)
may affect DSE–plant symbioses (Newsham, 2010), although
controlled experimental tests of this hypothesis are lacking.
Warming—Warming had little categorical effect on plant
biomass overall, although plant biomass was enhanced for plants
associated with DSE. Warming increases organismal metabolism (for both plants and fungi), often with correlated increases
in growth. In fungal symbioses, an increase in metabolism can
also result in higher rates of nutrient transfer to and C transfer
from the plant host (Hawkes et al., 2008). All fungal symbionts
are expected to increase metabolism in response to predicted
levels of warming. Belowground symbionts, in particular, are
expected to provide a larger net benefit to their hosts under
warmer climates, as they have the potential to transfer more
nutrients to their hosts. A long-term warming manipulation
showed that ECM biomass and sequence abundance increased
over time relative to control plots (Kirschbaum, 2000). However, these trends may be confounded by shifts in plant composition to an ECM dominated system or by temperature-induced
changes in nutrient availability (Clemmensen et al., 2006;
Deslippe et al., 2012). In other systems, ECM biomass decreased with warming (Chapin et al., 1995), so this response is
not uniform across ecosystems, and more data are needed to
identify the conditions under which ECM (as well as DSE and
EF) will increase vs. decline under warming. For studies of
AMF analyzed here, we did not find a significant overall modification of plant response to temperature. However, in nature,
warming is often concurrent with decreases in soil moisture,
which was not allowed to vary with warming in the studies in
our meta-analysis. In natural systems, interactions between
warming and drying may ultimately determine fungal symbiont
responses (see next section). Since all of the symbionts we
examined can provide increased drought avoidance in their plant
hosts, they may be expected to increase plant biomass if warming creates drier conditions. More studies, including those that
directly examine interactions among global change factors, should
allow generalizable trends to be established for these other fungal symbiont groups.
Multiple global change factors—Global change will result in
significant shifts in climate, N deposition, and atmospheric CO2
concentrations simultaneously. When multiple global change
factors are simultaneously manipulated, the results are often
unpredictable (Allison and Treseder, 2008; Frey et al., 2008;
Dieleman et al., 2012). For example, in a study manipulating
moisture, temperature, and CO2 concentration, Brosi et al.
(2011) found that EF biomass responded the most to elevated
CO2; a result which is unanticipated from the findings in our
meta-analysis. In the arctic, Clemmensen et al. (2006) discovered that warming and N fertilization independently and synergistically increased ECM biomass belowground. Predicting
plant response to multiple global change factors will depend on
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whether these drivers act additively, synergistically, or antagonistically. For example, if elevated CO2 reduces any direct
benefits of N deposition to plants, plant–fungal symbioses may
become beneficial under the combination of high CO2 and high
N. Similarly, if climates become warmer and drier, plant benefits from all symbionts may increase. These interactions are difficult to predict as few studies have simultaneously examined
plant–fungal symbioses in response to multiple global change
factors.
Multiple fungal symbionts—Pairwise studies may underestimate the effects of fungal symbionts on hosts, if multiple
symbionts interact synergistically to promote plant performance. Alternatively, pairwise studies could overestimate
effects if there are fungal antagonisms that reduce the net
benefit to hosts under conditions of global change. To date, only
three studies have explicitly examined interactions between
multiple fungal symbionts under global change scenarios.
Lukac et al. (2003) found that increased CO2 concentrations
resulted in a 41–64% increase in plant root biomass for three
species of Populus. However, this increase was positively
correlated with both ECM and AMF colonization rates of
roots for only one species (30% increase in AMF and 100%
increase in ECM root colonization rates). For another species of
Populus, AMF colonization increased by 37% with increased
CO2, while ECM did not increase, and the third species
showed no increase in AMF or ECM colonization despite an
increase in plant root biomass. This indicates that interactions between fungal symbionts under a changed climate
may be plant-species-specific and nonadditive. The fungal symbionts were not directly manipulated; thus, it is not possible
to assess whether they were directly responsible for the impact of elevated CO2 on plant performance. Two other studies manipulating multiple symbionts, however, showed a
lack of interaction between symbionts. In a greenhouse study
manipulating CO2, Chen et al. (2007) showed that AMF colonization did not differ between endophyte-colonized and
endophyte-free tall fescue grass (Lolium arundinaceum) and,
further, that CO2 levels had no effect on these relationships.
Mack and Rudgers (2008) manipulated N levels in a greenhouse study and found no interactive effect of N enrichment
on the relationship between AMF and EF presence in tall
fescue. In addition, plant performance was not altered by simultaneous colonization by both symbionts, but rather matched
that of plants with EF alone. However, increased N levels
were associated with higher endophyte densities in leaf tissues of plants with endophytes, and these densities correlated
negatively with AMF colonization of the roots, suggesting a
possibility for nonadditive effects. Similarly, Buyer et al. (2011)
reported EF antagonism against AMF, with reduced levels of
biomarkers for AMF and lower levels of glomalin (an AMF
protein important for soil-binding and C sequestration) in the
soil, but this study did not manipulate global change factors
(Buyer et al., 2011). An observational study on AMF and DSE
suggested that these two groups may respond to different suites
of environmental conditions: While several conditions were
correlated with AMF colonization (including soil P, rainfall,
and sunlight hours), only relative humidity and sunlight hours
correlated with DSE colonization (Lingfei et al., 2005). One
additional observational study suggested interactive effects of
fungal symbionts under changing environments. Lodge (1989)
showed that AMF was most abundant in Populus and Salix at
extremes of soil moisture (flooded or very dry), while ECM was
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most abundant in well-drained moist soils. This result could
suggest competition between the two fungal symbionts, with
AMF dominating under future climate scenarios.
The lack of research addressing multifungus interactions in
plants is obvious from this review and others (e.g., Compant
et al., 2010, Larimer et al., 2010). Few studies have examined
multisymbiont interactions in general, let alone within the context of a changing environment. The published work to date shows
contradictory patterns and suggests that the outcomes of multispecies plant–symbiont interactions may be highly species specific (i.e., Liu et al., 2011, Larimer et al., 2012). In at least in a
few cases, fungal symbionts may not interact at all or may interact antagonistically, but have no net negative impact on their
shared plant host (Chen et al., 2007; Mack and Rudgers, 2008).
However, a meta-analysis by Larimer et al. (2010) found that in
general, AMF and leaf endophytes have positive interactions
within the same plant, while AMF and N-fixers have negative
interactions, especially when N and P are limiting. An overarching framework for predicting when and in what direction interactions among symbionts will affect a shared host (or affect each
other) would be useful for developing more refined predictions.
Larimer et al. (2012) offer the best suggestions thus far for
making generalizations on multisymbiont interactions in plants.
They proposed that the predictability of interactive effects will
depend on the C cost of each symbiosis in each environment.
For example, most symbionts act as carbon sinks. If we apply
this framework to global change scenarios, we could assume
that some global change factors alleviate C stress through increases in CO2 and temperature, and these changes would facilitate positive interactions among symbionts (e.g., Chen et al.,
2007), which feed back to have positive effects on plant growth.
Alternatively, if global change creates more C stress, as is the
case in N deposition scenarios, then competition between symbionts would be expected to become stronger and should result
in suppression of one fungal partner or overall decreases in
plant growth due to a switch to parasitic interactions. There is
an obvious need for a better predictive framework for multisymbiont interactions, especially in a changing climate, as well
as a need for many more experiments before strong generalizations can be made.
Future directions—Current understanding of how fungal
symbionts influence plant response to global change could be
enhanced in several ways. First, standardized methodologies,
data collection strategies, and repositories could be employed
to study the response of plants across ecosystems, global change
factors and fungal symbionts. Second, the long-term effects of
global change on plant–fungal symbioses are largely unknown.
If the short-term trends that we described here are not consistent over long periods, then predictions for plant response to
global change may be misleading. Third, the distributions of all
fungal symbionts are not well described (see Opik et al., 2010,
and Kivlin et al., 2011). A key step in applying the results of the
current meta-analysis to natural systems will be to determine
when fungal symbionts and plants co-occur, if these relationships are stable, and how these interactions may shift under future global change scenarios. For example, while most fungal
symbionts seem to be widespread, phenological and habitat
mismatches between fungal symbionts and their plant hosts
may be common in future climates (e.g., Tylianakis et al., 2008;
Pritchard, 2011). If climate affects plant and symbiont distributions in different ways, climate change could lead to symbiont
losses, plant–fungal mismatches, and novel interactions with
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no historical analogs (van der Putten, 2012). Finally, while
here we considered interactions between fungal symbionts and
plants, other organisms such as fungal plant pathogens and bacteria can also influence the response of plants to global change
(Garrett et al., 2006; Tylianakis et al., 2008). Therefore, a whole
plant microbiome approach may be necessary to determine how
plants will respond to global change (sensu Porras-Alfaro and
Bayman, 2011).
Conclusions— Plants respond directly to global change, but
plant response can also be influenced by interactions with other
organisms. The interactions between fungal symbionts and
plants in response to global change are crucial to understand, as
plant–fungal symbioses can affect multiple aspects of natural
systems; from individuals, to populations, communities and whole
ecosystems. In our meta-analysis, plant responses to drought,
N deposition and warming, significantly differed when symbionts
were present. Moreover, different fungal symbionts differentially
affected plant response and symbiont-mediated plant response
differed between global change factors. Therefore, considering
plant–fungal symbioses is critical to predicting ecosystem response to global change.
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