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1 | INTRODUCTION
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Abstract

In late-successional environments, low in available nutrient such as the forest under-
story, herbaceous plant individuals depend strongly on their mycorrhizal associates for
survival. We tested whether in temperate European forests arbuscular mycorrhizal
(AM) woody plants might facilitate the establishment of AM herbaceous plants in
agreement with the mycorrhizal mediation hypothesis. We used a dataset spanning
over 400 vegetation plots in the Weser-Elbe region (northwest Germany). Mycorrhizal
status information was obtained from published resources, and Ellenberg indicator
values were used to infer environmental data. We carried out tests for both relative
richness and relative abundance of herbaceous plants. We found that the subset of
herbaceous individuals that associated with AM profited when there was a high cover
of AM woody plants. These relationships were retained when we accounted for envi-
ronmental filtering effects using path analysis. Our findings build on the existing litera-
ture highlighting the prominent role of mycorrhiza as a coexistence mechanism in
plant communities. From a nature conservation point of view, it may be possible to
promote functional diversity in the forest understory through introducing AM woody

trees in stands when absent.
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feature that could influence this coexistence relates to the mycorrhi-

zal associations they form. Mycorrhizas are trophic symbioses (with a

Plant communities often contain individuals belonging to different life
forms. Sutherland et al. (2013) identified as one of 100 fundamental
questionsin ecology investigating how coexistence of plants with differ-
ent life forms is possible. Temperate forests are a well-known example
of a habitat where plants differing in their life forms coexist; several hy-
potheses have been proposed to explain the coexistence of woody and

herbaceous plants in such forests (Nakashizuka, 2001). An overlooked

variety of other nontrophic functions) formed between fungi and plant
roots (Smith & Read, 2008). As they have pervasive effects on plant
host fitness, the presence of mycorrhizal fungi can facilitate the suc-
cessful establishment and proliferation of their plant hosts (Bergelson
& Crawley, 1988). The relevance of mycorrhiza for plant species
diversity has been thoroughly demonstrated (Klironomos et al.,
2011). However, the extent to which mycorrhizas influence
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plant diversity seems to depend on the degree of mycorrhizal depen-
dency (Grime, Mackey, Hillier, & Read, 1987; Bergelson & Crawley,
1988; O'Connor, Smith, & Smith, 2002). There are several obvious
ways through which mycorrhiza can mediate plant coexistence. For
example through facilitating the establishment of seedlings, ampli-
fying allelopathic interactions and interspecific negative feedbacks
(many of which are reviewed in Hart, Reader, & Klironomos, 2003; but
also in more recent literature, e.g., Veiga, Howard, & van der Heijden,
2012; Badikova et al., 2013). Here, we refer to the possibility that
donor plants, by providing mycorrhizal access or inoculum to other
plants, promote establishment and survival of these target plants, as
the “mycorrhizal mediation hypothesis.” To the best of our knowledge,
the possibility that mycorrhizas mediate coexistence of plants differing
in life forms by this general mechanism has never been tested.

There are multiple types of mycorrhiza, the two most widespread
of which are arbuscular mycorrhizas (AM), prevalent in herbaceous
plants, and ectomycorrhizas (ECM), prevalent for example in temperate
woody plant species (Smith & Read, 2008). Each of these two mycor-
rhizal types involves a distinct set of fungi (Smith & Read, 2008). The
vast majority of woody plants and consequently biomass in European
temperate forests consists of ECM plants (Smith & Read, 2008). The
respective (quartile) figures for herbaceous plants were 3%-7% (ECM)
and 40%-49% (AM). The mycorrhizal mediation hypothesis has been
tested several times with a focus on ECM plants and in most cases the
data supported the hypothesis (e.g., Dickie, Guza, Krazewski, & Reich,
2004; Richard, Selosse, & Gardes, 2009; Teste et al., 2009; Moeller,
Dickie, Peltzer, & Fukami, 2015) which appears to be due to ECM
propagule limitation (Dickie et al., 2004; Dickie, Davis, & Carswell,
2012) . Despite our awareness that AM propagules decline in the for-
est compared to herbaceous systems (Fisher & Fulé, 2004), we know
much less about the possibility that mycorrhizal mediation exists in
temperate forests with regard to AM fungi. Becklin, Pallo, and Galen
(2012) experimented with alpine perennial plants to show that the root
colonization rate of herbaceous plants declined in the presence of wil-
low plants when these had been colonized by ECM fungi. Because the
dominant trees in temperate forests are colonized by ECM fungi and
AM propagules are rare, we believe that the mycorrhizal mediation
with regard to AM-associating herbaceous plants should be of higher
ecological significance than with regard to ECM-associating herba-
ceous plants. With the possible exceptions of van der Heijden (2004),
van der Heijden and Horton (2009) and Varga and Kytdéviita (2016), to
the best of our understanding, the mycorrhizal mediation hypothesis
has never been tested so far with a focus on AM associations.

Despite the high number of studies describing forest ecosystems,
there are still several open questions in forest ecology (Sutherland
et al.,, 2013). Even though the herbaceous plants account for a small
fraction (often <1%) of stand biomass, they represent a considerably
higher fraction of forest net primary productivity and litter production
(Gilliam, 2007). Herbaceous plants in forests thus are important reg-
ulators of nutrient cycling and overall ecosystem functioning (Welch,
Belmont, & Randolph, 2007). Moreover, the concept that herbaceous
communities in the understory of temperate forests are only influ-
enced by the woody plants but do not influence them in turn has been

challenged in the literature. There is evidence that some herbaceous
plants may be exceptionally efficient competitors for nutrients and can
influence the fitness of trees (Lyon & Sharpe, 2003). Most importantly,
herbaceous plants may influence the successional trajectory of a stand
or during regeneration through either suppressing (Horsley, 1993;
George & Bazzaz, 2003; Gilliam, 2007) or facilitating (van der Heijden,
2004) seedlings of woody species. Finally, herbaceous plants comprise
approximately 80% of plant species diversity in forests and become
extinct at considerably higher rates than woody plants (Gilliam, 2007).
Given our increasing awareness that plant communities are rarely
if ever functionally redundant (Isbell et al., 2011), it is important to
understand herbaceous understory plant communities for effective
conservation.

Even though the main focus in managing European temperate for-
ests is on maximizing timber production (Jonsson, Pe’er, & Svoboda,
2015), achieving a high biodiversity can promote a wide range of
ecosystem services (Mace, Norris, & Fitter, 2011) and is desirable
(Brockerhoff, Jactel, Parrotta, Quine, & Sayer, 2008). A possible way
to improve forest management practices consequently aligns with
achieving a better understanding of biotic interactions in the forest
(Aratjo & Luoto, 2007). There is a considerable number of studies
describing temperate forests which shows that biotic interactions
represent key modulators of mature tree mortality (Das, Battles,
Stephenson, & van Mantgem, 2011), decomposition rates and nutrient
cycling (Rouifed, Handa, David, & Hattenschwiler, 2010), and seedling
recruitment (Montgomery, Reich, & Palik, 2010; Muhamed, Touzard,
Le Bagousse-Pinguet, & Michalet, 2013). These facts highlight the
need to focus more on the role of biotic interactions in the understory
(Nilsson & Wardle, 2005). Gilbert and Lechowicz (2004) examined the
relative importance of niche-based versus neutral-based processes in
shaping the understory in a forest in Canada, finding that neutral the-
ory was of limited explanatory power in their system. In that study
community structure of the understory was considered in isolation
from that of the tree canopy (Gilbert & Lechowicz, 2004). Because
herbaceous plants can benefit from the canopy in a number of ways
including hydraulic lifting (Ishikawa & Bledsoe, 2000) and symbiotic
interplant transfer of nutrients (van der Heijden, 2004; Simard, 2009),
the effects of canopy on understory could be more pertinent than
found in Gilbert and Lechowicz (2004). We further know that under
specific conditions canopy trees may exert strong negative effects on
the recruitment of juveniles belonging to the same species (Johnson,
Beaulieu, Bever, & Clay, 2012). Understanding the extent to which the
community structure of herbaceous plants is dependent on that of
the trees may be useful to develop conservation tools and facilitate
environmental monitoring (e.g., Grandin, 2004). A prevalent pathway
of indirect canopy-understory interactions is the symbiotic pathway
(van der Heijden, 2004; Simard, 2009). Because most woody plants in
temperate forests associate with ECM fungi, availability of ECM prop-
agules should rarely be a problem and the only case where mycorrhizal
mediation might be likely is with regard to AM-associating plants.

Here, we tested whether and to what extent woody plants that as-
sociate with AM fungi facilitate the establishment of herbaceous plants
of compatible mycorrhizal types in agreement with the mycorrhizal
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FIGURE 1 Map of Germany with the locations of the forest plots considered in our analysis highlighted with black rhombs

mediation hypothesis. Different mycorrhizal types may occupy differ-
ent ecological niches, for example be distributed at different soil pH
ranges. AM-richness declines considerably in habitats with low soil pH
(Kohout et al., 2015), whereas ECM trees (and their symbionts) often
occur in low pH environments (Smith & Read, 2008). In particular, the
mycorrhizal-associated nutrient-economy model (Phillips, Brzostek, &
Midgley, 2013) predicts that the environment represents a decisive
factor for the type of mycorrhiza that establishes. It is likely that ef-
fects attributed to mycorrhizal mediation are actually driven by differ-
ences in physiological tolerance in the two types of mycorrhiza. For
this reason, we tried to correct in our analysis for possibly confound-
ing abiotic and biotic factors. We narrowed our focus on AM plants
because of the dominant role ECM plants play in temperate forests
which render them unlikely to be limited by ECM fungal propagules
(Peay, Bruns, Kennedy, Bergemann, & Garbelotto, 2007). We hypoth-
esized that AM herbaceous plants would be less abundant and would
be represented by fewer species in forest stands where there are few
or no woody plant species that associate with AM fungi (mycorrhizal

mediation hypothesis).

2 | MATERIALS AND METHODS

2.1 | Sources of data

We used a dataset originating from Wulf (1992). The dataset consists
of the plant community structure at 415 plots, ranging in size from
100-400 m?, located in 77 mixed broadleaf forests in the Weser-

Elbe region in northwestern Germany (Figure 1). All forest plots were

located in ancient forests (habitat continuity for over 200 years—Naaf
& Wulf, 2010). The stands had already not been intensively managed
at the time of the survey (1992) for several decades. Plant community
data were encoded into the extended Braun-Blanquet scale (Braun-
Blanquet, 1964), and plot information was supported by coordinates
and some basic characterization of the soil properties of the plots.
Plants in the dataset were preclassified as either woody or herbaceous.
Braun-Blanquet values were converted to abundance values with the
coefficients proposed by van de Maarel (2007). Ellenberg values for
the herbaceous plant species in Germany were retrieved for soil reac-
tion (called Ellenberg R) and usually highly correlated with the soil pH,
an indicator of nitrogen but also overall fertility, called Ellenberg N,
and moisture, called Ellenberg F (Ellenberg et al., 2001). The Ellenberg
indicator values represent a system which uses plants as bioindica-
tors of environmental conditions. It consists of a table where for each
plant species and environmental parameter a value from 1 to 9 is as-
signed, and a value describing how narrow the tolerance estimates for
the species are (Ellenberg et al., 2001). We used these values to infer
environmental values through a maximum entropy approach (Guiasu
& Shenitzer, 1985). In brief, we worked separately with each indicator
variable, and for each plot we calculated an average of the indicator
values for the species found at the site weighted by the abundance
of each plant species. To produce a more accurate estimate, we ex-
cluded plants with an indifferent occurrence pattern (i.e., poor indica-
tor species that are found over a wide range of the environmental
variable considered and whose occurrences are less informative than
for other species) or for which estimates were missing. The resulting

weighted indicator value was treated as a metric of the respective
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environmental variable. To assess the reliability of the technique for
the subset of plots where pH had been assayed (126 plots), we com-
pared the pH values that were measured in Wulf (1992) with those
that we estimated through the weighted-mean Ellenberg value ap-
proach. Information on the mycorrhizal status of plants was obtained
from Wang and Qiu (2006). As an alternative source of mycorrhizal
status, we used the data in Hempel et al. (2013).

2.2 | Statistical analysis

We scored mycorrhizal status of the plants by giving a “zero” to plants
that were reported as not associating with AM and a “1” to those for
which the only reported mycorrhizal status was AM. For plants that
were reported as nonmycorrhizal or as forming a different type of my-
corrhiza in addition to AM, we assigned a weight of “0.5,” but we also
tried different weights (sensitivity analysis). Consideration of plants
with multiple mycorrhizal states was particularly important for woody
plants as there were only few putatively only-AM woody plants. In the
rare cases (35 herbaceous but none of the woody plant species out
of a total of 220 plant species) where the mycorrhizal status was not
known, we excluded these species from our analysis.

The predictor variable in our analyses was relative abundance of AM
woody plants. Possible herbaceous community responses to relative
abundance of AM woody plants can include changes in plant species
richness or in overall abundance of AM herbaceous plants, or both. In
our statistical analysis, we attempted to independently address each
kind of response. For both analyses, herbaceous plant community data
were converted to a single response variable (i.e., relative richness or
relative abundance of AM herbaceous plants) and were subsequently
analyzed with univariate statistics. To account for spatial autocorrelation
constraints in our data, we introduced autocorrelation structures in our
models so that the criterion of optimum model parsimony was achieved.
To assess model parsimony we used the Akaike information criterion.
The autocorrelation structure that performed best in these models was
an exponential autocorrelation structure. Whenever the assumptions
of homoscedasticity and normality of the residuals were not met, we
assessed relationships with a nonparametric test—the Kendall Tau test.
Because mycorrhizal mediation effects of AM woody plants were likely
to be limited to environments dominated by ECM and nonmycorrhizal
plants, we explored our relationships with segmented regression.

For our analysis on relative species richness of AM understory
plants (i.e., the proportion of species in the understory that were ar-
buscular mycorrhizal), our preliminary tests revealed that heterosce-
dasticity was a potential issue. For this specific analysis, we therefore
used the nonparametric Kendall Tau test to infer the presence or ab-
sence of a relationship with the observed relative abundance of AM
woody species. Here, we deemed correcting for spatial autocorrela-
tion unnecessary due to the high number of entries and because of the
nature of the analysis that relied on rankings (nonparametric analysis).
Because we could identify an overall positive relationship between
the woody plant community on the herbaceous stratum throughout
the arbuscular mycorrhizal availability gradient, we did in this case not
attempt to fit a segmented regression model.

With regard to our analysis of relative abundance of the AM her-
baceous plants, we ran a segmented regression to identify a break-
point beyond which further increases in the relative abundance of AM
woody plants had little effect on the herbaceous community. Based
on the rationale we present above, we focused our analyses on the
forest plots for which woody-AM relative abundance was before that
breakpoint. In these analyses, we considered models that accounted
for spatial autocorrelation and models that did not, which gave com-
parable results. To account for spatial dependencies, we used an ex-
ponential correlation structure with a nugget effect as implemented
through the corExp directive in the package nime (Pinheiro, Bates,
DebRoy, & Sarkar, 2013).

To account for confounding effects of environmental variables, we
carried out a path analysis. Preliminary testing revealed that any path
models that considered more than three variables had a poor fit and
violated the null assumption of the Chi-square test. We thus tested
five structural equation models (SEM) consisting of relative abundance
data for woody and herbaceous plants and either of the three abi-
otic variables (SEM1—Ellenberg R values, SEM2—Ellenberg N values,
SEM3—Ellenberg F values) or the biotic factor (log response ratio of
herbaceous vs. woody plant abundance) and a single model where we
investigated the combined effects of the most parsimonious abiotic
predictor with our biotic one. In our SEM analyses, we did not consider
spatial dependencies. Our SEMs were formulated as partial correlation
analyses. A complementary conservative way to account for environ-
mental variables was to fit a linear model with relative abundance data
for the understory as dependent variable and all environmental vari-
ables (either all abiotic or all abiotic and biotic together) as predictors
and then assess the fit of the relative abundance data for woody plants
on the residuals of the earlier model. That way, the specific model as-
sessed the marginal relationship (i.e., variability explained after we
have fitted other parameters) between herbaceous and woody plants.
All analyses were carried out in R version 3.0.2 (R Development Core
Team 2012).

2.3 | Sensitivity analyses

We carried out two different sensitivity analyses. We first tested
the effect of allocating mycorrhizal weights different from 0.5 to the
plants that had been classified as AM but had been also observed in
a different mycorrhizal state. For this analysis, we tried all possible
weighting values from zero to one with a step of 0.05. For each of
these weighting values, we recalculated relative abundances in both
the strata of woody and herbaceous plants and assessed the signifi-
cance of the relationship between the two strata for the subset of
plots for which the relative abundance of AM woody plants was lower
than the identified threshold. We tested these relationships with and
without accounting for spatial autocorrelation. We also used as alter-
native mycorrhizal status definitions those published in Hempel et al.
(2013). For this analysis, we assumed the usual weighting value of 0.5
for species that have been reported capable of associating with ec-
tomycorrhizal fungi or remaining nonmycorrhizal in addition to being

found in association with Glomeromycota.
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3 | RESULTS

Irrespective of the plant AM mycorrhizal state definitions used,
from Wang and Qiu (2006), or those from Hempel et al. (2013), the

Tau =0.13, P < 0.001
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FIGURE 2 Relationship between relative abundance of AM
woody plants and relative species richness of AM herbaceous plants
in the understory of forests in the Weser- Elbe region in Germany.
The red line was derived through median quantile regression for
visualization purposes. Statistics presented on the top right corner

of the panel are based on a Kendall correlation test. Likely spatial
dependencies were not considered in the test. Note that back-
transformed relative abundances may exceed 100% as they are based
on converted estimates from an extended Braun-Blanquet scale
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relative abundance (11.31% vs. 6.34%—understory vs. canopy, t = 28.1,
p <.001) and richness (21.9% vs. 18.7%—understory vs. canopy,
t =5.18, p < .001) of AM plants in the understory was higher than in the
canopy. Through our maximum entropy approach, we inferred indicator
values for the described plots ranging between (min, max, median) 4.2,
6.7, 5.9 for nitrogen; 4.2, 7.1, 6.3 for pH; and 5.0, 7.2, 6.0 for moisture.
Soil pH estimates originating from Ellenberg values and the weighted
abundance of plants in plots were comparable to those originating from
in situ measurements (Fig. S1). The log response ratio of inferred abun-
dances of herbaceous versus woody plants correlated well with the
relative abundances of herbaceous AM plants (R = .56, p < .001).

We found a significant positive relationship between relative
species richness of AM herbaceous plants and relative abundance
of AM woody plants (Figure 2). The relationship was even stron-
ger when we used absolute richness of herbaceous species that
associated with AM as a response variable (Fig. S2). Following
segmented regression (Figure 3a), the relationship between the rel-
ative abundance of AM herbaceous plants and AM woody plants in
the plots that had lower relative abundance of AM woody plants
than the breakpoint (4.3% relative abundance) was also significant
(Figure 3b). Of the five SEM models considered, the most parsimo-
nious (smaller AIC value) was that with Ellenberg pH values as a sec-
ond predictor (Figure 4). In the specific model, both the effects of
Ellenberg pH and % relative abundance of AM woody plants were
significant. Our linear models that evaluated whether a relation-
ship existed between the marginal variation of herbaceous relative
abundance of AM plants after correcting for abiotic environmental
variables (t = 2.205, p =.032) or both abiotic and biotic variables
(tau = 0.19, p =.045) and the relative abundance of AM woody
plants were significant (Fig. S3).

(b)
2 X
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8 X
7] 2 x
2 X X X ¥
e 5 X x X%  x
g2 |¥ x x X %
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(a) segmented regression and (b) analysis of forest plots on the left side of the identified breakpoint between relative abundance

of AM woody species and relative abundance of AM herbaceous plants. The analysis in panel (b) takes into consideration likely spatial
dependencies and is based on a parametric linear model. (Figure will be redrawn to combine plots)



VERESOGLOU ET AL.

1186 WI LEY—ECOlOgy and Evolution

Open Access,

MOST PARSIMONIOUS MODEL

[ Model 1: x2=0.28, P=0.60, AlC=10.27 |

Model 2: X2=0.55, P= 0.45, AIC = 10.55

%AM woody & %AM woody
%AM herbs
o Ellenberg N
pH K B

%AM herbs

&

Model 3: X2 =3.21, P = 0.07, AIC = 13.21

Model 4: X2=1.37, P=0.24, AIC = 11.37

%AM woody

%AM herbs

IRR
herb/woody

%AM woody K
20,
4'

moisture

| Model s: x2 = 2.01, P=0.36, AlC=18.01 |

pH 25,
0.45"
%AM woody +
@,
%,
& IRR e
herb/woody w

3.1 | Sensitivity analyses

The relationship between relative abundance of woody and herba-
ceous AM plants was not particularly sensitive to the choice of the
weight for intermediate weights (Table S1) but faded for extreme
weight values. Repeating the analysis with the alternative definitions

of mycorrhizal status gave comparable results (Fig. S4; Fig. S5).

4 | DISCUSSION

We tested the hypothesis that the relative richness and abundance
of AM herbaceous plants would be lower in forest stands dominated
by non-AM trees and found evidence for this. We take these effects
as evidence that AM mycorrhizal mediation is robust to the metric of
plant community structure chosen. In our analyses and subsequent
inference, we are treating the stratum of woody plants as an inde-
pendent variable and that of herbaceous plants as a response variable.
We justify this on the basis that while forest management practices in
Europe control for community structure of woody plants, forests are
rarely managed directly for herbaceous plants. Additionally, popula-
tion demographics in the overstory exceed considerably those in the
understory. These facts allow us to assume causality of the realized
patterns. The positive relationship between relative abundance of AM
herbaceous and AM woody plants were robust to the consideration of
environmental parameters (tested by path analyses). We considered

three environmental parameters, namely pH, moisture and nitrogen

S

%AM herbs

7

FIGURE 4 Five simple path models on
relative abundance data on herbaceous

%AM herbs

& and woody plants in locations with a low

(as identified via a segmented regression)
relative abundance of woody plants. The
first four models only consider a single
environmental constrain. More complex
models had a worse fit (Model 5 was the
most parsimonious of those we tried). The
most parsimonious model was the one that
considers Ellenberg pH weighted values.
Values on the arrows highlight parameter
estimates and their significance level

(*p < .05, ***p < .001)

and a biotic variable—the inferred relative abundance of herbaceous
over woody plants. Despite the large size of the dataset, our models
were more parsimonious when single parameters were considered.
We obtained the most parsimonious model when we fitted Ellenberg
N values that reflected site fertility. Both ECM and AM plants are
known to be sensitive to high nutrient availability, but this effect ap-
pears to be more pronounced for ECM plants (Hoeksema et al., 2010).
The positive coefficient (describing a positive relationship) with regard
to Ellenberg N indicator values that we found in our most parsimoni-
ous path model could arise from the high sensitivity of ECM associa-
tions to high site fertility conditions. Alternatively, site fertility effects
could be unrelated to the functioning of mycorrhiza and be indirect
as AM and ECM plants appear to have distinct site preferences. For
example, Averill, Turner, and Finzi (2014) found that ECM plants are
more commonly observed than AM plants in soils that contain more
carbon. We are also aware that the establishment of ECM plants in
late-successional dune systems is accompanied with a steep decline in
pH (Read, 1989). Other examples relate to the faster decomposition
of AM-tree-derived litter (Cornelissen, Aerts, Cerabolini, Werger, &
van der Heijden, 2001) and N and P cycling rates (Phillips et al., 2013).
Despite controlling for the abovementioned factors, ours was still an
observational study for which causality cannot be directly shown.
How could we explain the relationship between the relative rich-
ness and abundance of herbaceous AM plants and the respective rela-
tive abundance of AM woody plants? It is unlikely to have been due to
AM-mediated facilitation from mother plants as this has been shown so

far only for conspecifics (van der Heijden, 2004). We also do not think
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that this pattern is caused by production of enzymes that facilitate AM
establishment by AM woody plants, as there is no evidence that any
AM-specific enzymes exist. We suggest that in part the relationship
we observe is due to AM-colonized trees speeding up nutrient cycling
(Phillips et al., 2013) which enables establishment of herbaceous plants
that associate with AM. This (biotic) effect may be present even after
accounting for observed differences in abiotic parameters and could
explain the relationship between relative richness of AM herbaceous
plants and that of relative abundance of AM woody species. With re-
gard to relative abundance of AM herbaceous plants, however, there
was a peak for a relatively low relative abundance threshold of AM
woody plant species (4.3%) and then the relative abundance of AM
herbaceous plants remained constant. We assume that this was due
to AM propagule limitation (Fisher & Fulé, 2004) when the stands con-
sist of only few AM-associating trees which could have prevented the
establishment of any herbaceous plants (and thus of a thriving her-
baceous layer—i.e., strong relationship between relative abundance of
AM herbaceous plants and log response ratio of abundances of her-
baceous vs. woody plants). Our results supported the assumption that
the relative abundance of AM woody plants was relatively low, even
when AM propagules where sufficient and an AM-fungal networked
had been established. In that case, only AM herbaceous taxa that could
establish that were specifically adapted to low nutrient cycling rates.
This explanation could justify why our results differ with regard to rela-
tive richness and abundance for AM herbaceous plants.

Could the declined abundance of AM herbaceous plant species in
stands dominated by non-AM trees have implications for ecosystem
functioning? In mycorrhizal ecology it is thought that ECM plants re-
ceive considerable more pronounced benefits from their fungal partners
than AM plants do (Veresoglou & Rillig, 2014). While this is an idea that
can be conceptualized only at an individual and not ecosystem scale
it reflects how pronounced the functional differences between AM
and ECM associations may be. ECM woody plants have been shown
to have thinner roots and greater branching intensity than AM woody
plants (Comas, Callahan, & Midford, 2014). Mixed AM and ECM woody
forest communities could thus have a higher functional diversity and
complementarity with regard to root architectural/phenological charac-
teristics (traits) which could lead to higher ecosystem process stability
(Diaz & Cabido, 2001). Moreover, ECM and AM plants have been shown
to respond in radically different ways to carbon availability. For example,
Brzostek, Dragoni, Brown, and Phillips (2015) experimentally removed
soil carbon in plots to find lower soil organic matter degrading enzyme
activity in ECM-dominated plots whereas in AM-dominated plots little
change in enzyme activity occurred, but an overall increase in decompo-
sition. Coexistence of ECM and AM plants could thus have a mitigating
effect on stand resilience to environmental stresses. Comparable argu-
ments for ecosystem resilience can be made from a mycological per-
spective due to the resulting higher microbial diversity (Bardgett & van
der Putten, 2014) when both ECM and AM fungi coexist in a habitat.

The community structure of European forests has been studied
extensively, particularly with regard to the phytosociological nature of
the communities (Spribille & Chytry, 2002). While the contribution of
these studies to our understanding of forests is undeniable, we still lack
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predictive ecological tools to understand the implications of human in-
tervention. An important finding of our study was that the relationship
for the relative abundance of understory AM plants remained robust fol-
lowing consideration of environmental parameters. In our study, the size
of our plots ranged between 100 m? and 400 m? which is a relatively
coarse study grain. Even though we effectively controlled for abiotic
dependencies in many respects the specific plot grain may be consid-
ered relatively crude to be informative for the study of biotic interac-
tions and in our case facilitation. While this may be true for most biotic
interactions, mycorrhizal facilitation arising from mycorrhizal propagule
availability represents a special case of a biotic interaction which is
meaningful to consider only at relatively coarse plot grains. In fact, the
coarse grain of the study was an advantage because it masked to a large
extent other biotic interactions; and we appropriately addressed the
confounding effects of environmental filtering through correcting for
environmental variables. It is becoming apparent that managing forests
for maximum net primary productivity requires a high diversity of plants
(Gamfeldt et al., 2013). ECM-dominated forests are occasionally species
poor to the extent that re-establishing non-ECM plants can be chal-
lenging (Weber, Glinter, Aguirre, Stimm, & Mosandl, 2008). A possible
cause could be the lack of AM propagules (e.g., Fisher & Fulé, 2004) that
could support growth of a range of herbaceous understory plants (e.g.,
van der Heijden, 2004). Contrary to ECM systems (e.g., Kranabetter, de
Montigny, & Ross, 2014), there are no studies on the threshold at which
relative abundance of AM plants severely limits AM fungal propagule
availability, and in our study it appears to be quite low (4.3%).

In conclusion, we here present evidence in support of the appli-
cability of the mycorrhizal mediation hypothesis to temperate forest
systems. A group of plants underrepresented in temperate forest,
namely AM plants, appear to be affected by the relative abundance of
AM-forming woody species in a stand. This likely indicates that these
woody plants act as AM fungal propagule source islands in these eco-
systems. Our results are important from a management perspective
but can also contribute to a discussion on the conditions that permit
the establishment of AM plant taxa in temperate forests.

ACKNOWLEDGMENTS

SDV was supported by an EU Marie Curie fellowship, Grant agree-
ment number 300298. MCR acknowledges funding from Deutsche
Forschungsgemeinschaft, Priority Program 1685 “Ecosystem
Nutrition: Forest Strategies for Limited Phosphorus Resources.” SDV
conceived the project and did the statistical analysis. MW provided

the data. All authors together wrote the manuscript.

CONFLICT OF INTEREST

None declared.

DATA ACCESSIBILITY

The dataset used for the study is available at http://www.givd.info/
db_details.html?choosen_db=114&choose=Load.


http://www.givd.info/db_details.html?choosen_db=114&choose=Load
http://www.givd.info/db_details.html?choosen_db=114&choose=Load

VERESOGLOU ET AL.

1188 WI LEY—ECOlOgy and Evolution

Open Access,

REFERENCES

Araujo, M. B., & Luoto, M. (2007). The importance of biotic interactions for
modelling species distributions under climate change. Global Ecology
and Biogeography, 16, 743-753.

Averill, C., Turner, B. L., & Finzi, A. C. (2014). Mycorrhiza-mediated com-
petition between plants and decomposers drives soil carbon storage.
Nature, 505, 543-545.

Badikova, Z., Gilbert, L., Bruce, T. J. A,, Birkett, M., Caulfield, J. C., Woodcock,
C.,...Johnson, D. (2013). Underground signals carried through common
mycelial networks warn neighbouring plants of aphid attack. Ecology
Letters, 16, 835-843.

Bardgett, R. D., & van der Putten, W. H. (2014). Belowground biodiversity
and ecosystem functioning. Nature, 515, 505-511.

Becklin, K. M,, Pallo, M. L., & Galen, C. (2012). Willows indirectly reduce ar-
buscular mycorrhizal fungal colonization in understorey communities.
Journal of Ecology, 100, 343-351.

Bergelson, J. M., & Crawley, J. M. (1988). Mycorrhizal infection and plant
species diversity. Nature, 334, 202.

Braun-Blanquet, J. (1964).  Pflanzensoziologie. =~ Grundziige  der
Vegetationskunde. 3. neubearb. u. wesentl. verb. Auflage, S. 865. Wien:
Springer.

Brockerhoff, E. G., Jactel, H., Parrotta, J. A., Quine, C. P., & Sayer, J. (2008).
Plantation forests and biodiversity: Oxymoron or opportunity?
Biodiversity and Conservation, 17, 925-951.

Brzostek, E. R., Dragoni, D., Brown, Z. A., & Phillips, R. P. (2015). Mycorrhizal
type determines the magnitude and direction of root-induced
changes in decomposition in a temperate forest. New Phytologist, 206,
1274-1282.

Comas, L. H., Callahan, H. S., & Midford, P. E. (2014). Patterns in root traits
of woody species hosting arbuscular and ectomycorrhizas: Implications
for the evolution of belowground strategies. Ecology and Evolution, 4,
2979-2990.

Cornelissen, J. H. C., Aerts, R., Cerabolini, B., Werger, M. J. A, & van der
Heijden, M. G. A. (2001). Carbon cycling traits of plant species are
linked with mycorrhizal strategy. Oecologia, 129, 611-619.

Das, A., Battles, J., Stephenson, N. L., & van Mantgem, P. J. (2011). The
contribution of competition to tree mortality in old-growth coniferous
forests. Forest Ecology and Management, 261, 1203-1213.

Diaz, S., & Cabido, M. (2001). Vive la différence: Plant functional diversity
matters to ecosystem processes. Trends in Ecology and Evolution, 16,
646-655.

Dickie, I. A., Davis, M., & Carswell, F. E. (2012). Quantification of mycor-
rhizal limitation in beech spread. New Zealand Journal of Ecology, 36,
210-215.

Dickie, I. A., Guza, R. C., Krazewski, S. E., & Reich, P. B. (2004). Shared ec-
tomycorrhizal fungi between a herbaceous perennial (Helianthemum
bicknellii) and oak (Quercus) seedlings. New Phytologist, 164, 375-382.

Ellenberg, H., Weber, H. E., Dull, R., Wirth, V., Werner, W., & Paulissen,
D. (2001). Zeigerwerte von Pflanzen in Mitteleuropa. 3. Aufl. - Scripta
Geobot. 18, 1-262.

Fisher, M. A., & Fulé, P. Z. (2004). Changes in forest vegetation and arbus-
cular mycorrhizae along a steep elevation gradient in Arizona. Forest
Ecology and Management, 200, 293-311.

Gamfeldt, L., Snéll, T., Bagchi, R., Jonsson, M., Gustafsson, L., Kjellander, P.,
... Bengtsson, J. (2013). Higher levels of multiple ecosystem services
are found in forests with more tree species. Nature Communications, 4,
1340.

George, L. O., & Bazzaz, F. A. (2003). The herbaceous layer as a filter deter-
mining spatial pattern in forest tree regeneration. In F. S. Gilliam, & M.
R. Roberts (Eds.), The herbaceous layer in forests of Eastern North America
(pp. 265-282). New York: Oxford University Press.

Gilbert, B., & Lechowicz, M. J. (2004). Neutrality, niches, and dispersal in
a temperate forest understory. Proceedings of the national Academy of
Sciences USA, 101, 7651-7656.

Gilliam, F. S. (2007). The ecological significance of the herbaceous layer in
temperate forest ecosystems. BioScience, 57, 845-858.

Grandin, U. (2004). Dynamics of understory vegetation in boreal forests:
Experiences from Swedish integrated monitoring sites. Forest Ecology
and Management, 195, 45-55.

Grime, J. P, Mackey, J. M. L., Hillier, S. H., & Read, D. J. (1987). Floristic
diversity in a model system using experimental microcosms. Nature,
338, 420-422.

Guiasu, S., & Shenitzer, A. (1985). The principle of maximum entropy. The
Mathematical Intelligencer, 7, 42-48.

Hart, M. M., Reader, R. J., & Klironomos, J. N. (2003). Plant coexistence me-
diated by arbuscular mycorrhizal fungi. Trends in Ecology and Evolution,
18,418-423.

van der Heijden, M. G. A. (2004). Arbuscular mycorrhizal fungi as support
systems for seedling establishment in grassland. Ecology Letters, 7,
293-303.

van der Heijden, M. G. A,, & Horton, T. R. (2009). Socialism in soil? The
importance of mycorrhizal fungal networks for facilitation in natural
ecosystems. Journal of Ecology, 97, 1139-1150.

Hempel, S., Gétzenberger, L., Kiihn, 1., Michalski, S. G., Rillig, M. C., Zobel,
M., & Moora, M. (2013). Mycorrhizas in the Central European flora
- relationships with plant life history traits and ecology. Ecology, 94,
1389-1399.

Hoeksema, J. D., Chaudhary, V. B., Gehring, C. A., Johnson, N. C., Karst,
J., Koide, R. D,, ... Umbanhowar, J. (2010). A meta-analysis of context
dependency in plan response to inoculations with mycorrhizal fungi.
Ecology Letters, 13, 394-407.

Horsley, S. B. (1993). Mechanisms of interference between hayscented fern
and black cherry. Canadian Journal of Forest Research, 23, 2059-2069.

Isbell, F., Colcagno, V., Hector, A., Connolly, J., Harpole, W. S., Reich, P. B.,
... Loreau, M. (2011). High plant diversity is needed to maintain ecosys-
tem services. Nature, 477, 199-203.

Ishikawa, C. M., & Bledsoe, C. S. (2000). Seasonal and diurnal patterns of
soil water potential in the rhizosphere of blue oaks: Evidence for hy-
draulic lift. Oecologia, 125, 459-465.

Johnson, D. J., Beaulieu, W. T., Bever, J. D., & Clay, K. (2012). Conspecific
negative density dependence and forest diversity. Science, 336,
904-907.

Jonsson, B. G., Pe'er, G., & Svoboda, M. (2015). Forests: Not just timber
plantations. Nature, 521, 32.

Klironomos, J. N., Zobel, M., Tibbett, M., Stock, W. D., Rillig, M. C., Parrent,
J. L, ... Bever, J. D. (2011). Forces that structure plant communi-
ties: Quantifying the importance of the mycorrhizal symbiosis. New
Phytologist, 189, 366-370.

Kohout, P., Doubkova, P., Bahram, M., Suda, J., Tedersoo, L., Voriskova, J.,
& Sudova, R. (2015). Niche partitioning in arbuscular mycorrhizal com-
munities in temperate grasslands: A lesson from adjacent serpentine
and nonserpentine habitats. Molecular Ecology, 24, 1831-1843.

Kranabetter, J. M., de Montigny, L., & Ross, G. (2014). Effectiveness of
green-tree retention in the conservation of ectomycorrhizal fungi.
Fungal Ecology, 6, 430-438.

Lyon, J., & Sharpe, W. E. (2003). Impacts of hay-scented fern on nutrition
of northern red oak seedlings. Journal of Plant Nutrition, 26, 487-502.

van de Maarel, E. (2007). Transformation of cover-abundance values for
appropriate numerical treatment - Alternatives to the proposals by
Podani. Journal of Vegetation Science, 18, 767-770.

Mace, G. M., Norris, K., & Fitter, A. H. (2011). Biodiversity and ecosystem
services: A multilayered relationship. Trends in Ecology and Evolution, 27,
19-26.

Moeller, H. V., Dickie, I. A., Peltzer, D. A., & Fukami, T. (2015). Mycorrhizal
co-invasion and novel interactions depend on neighborhood context.
Ecology, 96, 2336-2347.

Montgomery, R. A., Reich, P. B., & Palik, B. J. (2010). Untangling positive
and negative biotic interactions: Views from above and below ground
in a forest ecosystem. Ecology, 91, 3641-3655.



VERESOGLOU ET AL.

Muhamed, H., Touzard, B., Le Bagousse-Pinguet, Y., & Michalet, R.
(2013). The role of biotic interactions for the early establishment of
oak seedlings in coastal dune forest communities. Forest Ecology and
Management, 297, 67-74.

Naaf, T., & Wulf, M. (2010). Habitat specialists and generalists drive homog-
enization and differentiation of temperate forest plant communities at
the regional scale. Biological Conservation, 143, 848-855.

Nakashizuka, T. (2001). Species coexistence in temperate, mixed deciduous
forests. Trends in Ecology and Evolution, 16, 205-210.

Nilsson, M. C., & Wardle, D. A. (2005). Understory vegetation as a forest
ecosystem driver: Evidence from the northern Swedish boreal forest.
Frontiers in Ecology and the Environment, 3, 421-428.

O’Connor, P. J., Smith, S. E., & Smith, F. A. (2002). Arbuscular mycorrhizas
influence plant diversity and community structure in a semiarid her-
bland. New Phytologist, 154, 209-218.

Peay, K. G., Bruns, T. D., Kennedy, P. G., Bergemann, S. E., & Garbelotto,
M. (2007). A strong species-area relationship for eukaryotic soil mi-
crobes: Island size matters for ectomycorrhizal fungi. Ecology Letters,
10, 470-480.

Phillips, R. P., Brzostek, E., & Midgley, M. G. (2013). The mycorrhizal-
associated nutrient economy: A new framework for predicting car-
bon-nutrient couplings in temperate forests. New Phytologist, 199,
41-51.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & The R Development Core
Team (2013). nime: Linear and Nonlinear Mixed Effects Models. R package
version 3.1-111.

R Development Core Team (2012). R: A language and environment for statis-
tical computing. Vienna: R Foundation for Statistical Computing.

Read, D. J. (1989). Mycorrhizas and nutrient cycling in sand dune ecosys-
tems. Proceedings of the Royal Society, Edinburgh, 96, 80-110.

Richard, F., Selosse, M. A., & Gardes, M. (2009). Facilitated establishment of
Quercus ilex in shrub-dominated communities within a Mediterranean
ecosystem: Do mycorrhizal partners matter? FEMS Microbiology
Ecology, 68, 14-24.

Rouifed, S., Handa, I. T., David, J. F., & Hattenschwiler, S. (2010). The impor-
tance of biotic factors in predicting global change effects on decompo-
sition of temperate forest leaf litter. Oecologia, 163, 247-256.

Simard, S. W. (2009). The foundational role of mycorrhizal networks in self-
organization of interior Douglas-fir forests. Forest Ecology and manage-
ment, 258S, S95-5107.

Smith, S. E., & Read, D. J. (2008). Mycorrhizal symbiosis. London: Cambridge
University Press.

Spribille, T., & Chytry, M. (2002). Vegetation surveys in the circumboreal
coniferous forests: A review. Folia Geobotanica, 37, 365-382.

Fcology and Evolution o 1189
& WILEY- 1%

Sutherland, W. J., Freckleton, R. P, Godfray, H. C. J., Beissinger, S. R.,
Benton, T., Cameron, D. D., ... Wiegand, T. (2013). Identification of 100
fundamental ecological questions. Journal of Ecology, 101, 58-67.

Teste, F. P, Simard, S. W., Durall, D. M., Guy, R. D., Jones, M. D., &
Schoonmaker, A. L. (2009). Access to mycorrhizal networks and
roots of trees: Importance for seedling survival and resource transfer.
Ecology, 90, 2808-2822.

Varga, S., & Kytoviita, M. M. (2016). Faster acquisition of symbiotic partner
by common mycorrhizal networks in early plant life stage. Ecosphere,
7,e01222.

Veiga, R. S. L., Howard, K., & van der Heijden, M. G. A. (2012). No evidence
for allelopathic effects of arbuscular mycorrhizal fungi on the non-host
plant Stellaria media. Plant and Soil, 360, 319-331.

Veresoglou, S. D., & Rillig, M. C. (2014). Challenging cherished ideas in my-
corrhizal ecology: The Baylis postulate. New Phytologist, 204, 1-3.
Wang, B., & Qiu, Y. L. (2006). Phylogenetic distribution and evolution of

mycorrhizas in land plants. Mycorrhiza, 16, 299-363.

Weber, M., Glnter, S., Aguirre, N., Stimm, B., & Mosandl, R. (2008).
Reforestation of abandoned pastures: Silvicultural means to acceler-
ate forest recovery and biodiversity. In E. Beck, J. Bendix, |. Kottke, F.
Makeschin, & R. Mosandl (Eds.), Gradients in a tropical mountain ecosys-
tem of Ecuador. Berlin: Springer.

Welch, N. L., Belmont, J. M., & Randolph, J. C. (2007). Summer ground layer
biomass and nutrient contribution to aboveground litter in an Indiana
temperate deciduous forest. American Midland Naturalist, 157, 11-26.

Waulf, M. (1992). Vegetationskundliche und 6kologische Untersuchungen
zum Vorkommen gefdhrdeter Pflanzenarten in Feuchtwaldern
Nordwestdeutschlands. Dissertationes Botanicae, 185, 1-246.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the support-

ing information tab for this article.

How to cite this article: Veresoglou SD, Wulf M, Rillig MC.
Facilitation between woody and herbaceous plants that
associate with arbuscular mycorrhizal fungi in temperate
European forests. Ecol Evol. 2017;7:1181-1189. doi:10.1002/
ece3.2757.


https://doi.org/10.1002/ece3.2757
https://doi.org/10.1002/ece3.2757

