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Abstract
Aims Arbuscular mycorrhizal (AM) fungi, a group of
obligate symbionts of terrestrial plants, have a global
distribution range. Yet, we lack concrete synthetic and
empirical evidence that could reveal whether dis-
tinct ecological niches are distributed across
Glomeromycota through determining linkages be-
tween environmental factors and the distribution of
these taxa.
Methods We have modelled the probability of occur-
rence of Gigasporaceae and Acaulosporaceae as a
function of candidate environmental factors. These
families are among the most common but non-
ubiquitous taxa in AM-driven ecosystems. We have
constructed our database using studies with a global
scope and carried out our analysis through a logistic
regression approach.
Results The probability of occurrence of Acaulosporacae
increased in acidic environments and soils with high bulk
density. By contrast, a key factor that affected probability
of occurrence of Gigasporaceae was precipitation.

Conclusions Through the analysis of an unprecedent-
edly large amount of data we could infer that niche
processes mediate occurrence of a group of fungi at
scales broader than the local scale of the individual
studies gathered in the analysed dataset. Knowledge of
well-supported niche features could enhance discov-
ery of new taxa of AM fungi, and would facilitate
development of study designs with greater ecological
realism.

Keywords Akaike information criterion/ environmental
filter .Glomeromycota . Logistic regression .Model
MaarjAMdatabase .Model averaging

Introduction

The arbuscular mycorrhizal (AM) symbiosis is an
integral part of terrestrial ecosystems (Rillig 2004)
due to its ubiquity (Wang and Qiu 2006) and its
potential to considerably influence plant community
composition (e.g. Klironomos et al. 2011). The symbiosis
constitutes an intimate association of Glomeromycotan
fungi and roots of terrestrial plants (Schüßler et al. 2001).
The most studied families within the Glomeromycota are
the Glomeraceae, Gigasporaceae and Acaulosporaceae
(Smith and Read 2008). Considerable morphological
differences exist amongst isolates from these three fami-
lies. These include the size of spores (spores of
Gigasporaceae isolates are considerably larger than those
of Glomeraceae isolates—Schenck and Peréz 1990), root
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colonisation structures (no vesicles occur following root
colonisation of Gigasporacae isolates—Smith and Read
2008), propagation (Gigasporaceae may not propagate
from colonized root sections—Klironomos and Hart
2002) and colonisation strategy (Glomeraceae preferen-
tially colonise the root whereas Gigasporaceae grow pro-
fusely in the soil—Hart and Reader 2002; Maherali and
Klironomos 2012). Powell et al. (2009) provided evi-
dence that differences potentially exist with respect to
symbiotic function across different AM fungal families,
as well; Gigasporaceae could be more efficient in phos-
phorus (P) assimilation whereas Glomeraceae could grant
better protection from pathogens.

AM fungi are obligate symbionts and thus rely on
their host plant; therefore the impact of any environ-
mental factor may be partitioned into a direct effect of
the environment on the AM fungi and an indirect
effect through modification of the plant community.
Here we do not attempt to disentangle these direct and
indirect effects, and just like in previous studies (e.g.
Dumbrell et al. 2010a) only consider the overall effect.
At an AM fungal community level, large differences
with regards to probability of occurrence of the com-
mon AM fungal families have been recorded.
Glomeraceae occur ubiquitously in nature (although
ecological differences are recorded with respect to
isolates within Glomeracae, e.g. some Glomus group
B isolates and Glomus mosseae predominantly occur
in disturbed environments; Sýkorová et al. 2006). By
contrast Gigasporaceae and Acaulosporaceae isolates
are relatively less common in AM fungal communities
(e.g. Öpik et al. 2010).

In principle, the ecological differences mentioned
above can provide the basis for niche partitioning
processes under the assumption that AM fungal pop-
ulations already compete more strongly with members
of the same family (Maherali and Klironomos 2007).
More generally, beyond competition and in terms of
the “Grinnellian niche” (Soberon 2007), it is logical to
assume that these ecological differences imply differ-
ences in terms of environmental requirements at a
family level. The available literature suggests that
this deduction applies to Gigasporaceae and
Acaulosporaceae. For example, using a nitrogen
(N)-deposition gradient, Egerton-Warburton and
Allen (2000) demonstrated that large-spored AM
fungal species predominantly occurred at the sites
that had been subjected to low N-deposition; sites
receiving high N-deposition were dominated by

Glomeraceae isolates. In another study, N-fertilization
over three years led to a decline of abundance of
Gigasporaceae isolates at three mesic sites (Johnson et
al. 2003). Gigasporaceae appear to prefer sandy rather
than loamy soils (Lekberg et al. 2007) whereas both
Gigasporaceae and Acaulosporaceae isolates predomi-
nantly occur at mesic rather than semiarid ecosystems in
the USA (Egerton-Warburton et al. 2007). Yet, the most
pronounced environmental factor that determines struc-
ture of AM fungal communities appears to be pH (e.g.
Fitzsimons et al. 2008; Dumbrell et al. 2010a). Spore
germination assays have shown that Acaulosporaceae
and Gigasporaceae are more tolerant of acidic soil envi-
ronments than the majority of Glomeraceae (e.g.
Bartolomeesteban and Schenck 1994; Clark
1997). Using a long-term liming experiment Guo
et al. (2012) were able to show that while most
phylotypes belonging to Glomus group A in-
creased in abundance following liming, Glomus
group B and Gigasporaceae/Acaulosporaceae phy-
lotypes declined.

While the phylum Glomeromycota is monophyletic
(Schüßler et al. 2001), subsequent analyses revealed
that polyphyly may exist inside the family of
Glomeraceae (da Silva et al. 2006) and the genus
Scutellospora in Gigasporaceae (Oehl et al. 2008).
For Acaulosporaceae the possibility of a polyphyletic
origin has not yet been sufficiently addressed. Clearly,
the morphological adaptations that are present today
should have maximized benefits for the AM isolates;
the fact that there are several easily distinguishable
morphological adaptations in AM fungi provides cir-
cumstantial support to the notion of “niche” based
differentiation within the Glomeromycota. Therefore,
despite the niche concept in the literature being typi-
cally addressed in studies with resolution down to
species level, there has been evidence that phyloge-
netic trait conservatism in Glomeromycota and conse-
quently niche differentiation may be detected at a
Glomeromycotan family level (Lekberg et al. 2007;
Maherali and Klironomos 2007; Powell et al. 2009), at
least for the component of the niche which relates
to environmental requirements (e.g. Chase and
Leibold 2003).

In the present study we hypothesised that each of the
three AM fungal families mentioned above preferential-
ly occurs in certain environments owing to physiologi-
cal and ecological constraints dictated by the general
Grinnellian niche (i.e. environmental requirements) of
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each family. As stated earlier, contrary to Glomeraceae
isolates that possess a broad distribution range,
Gigasporaceae and Acaulosporaceae isolates are only
occasionally found in AM fungal community analyses.
We thus engaged in a modelling exercise to test and
define the niche structure for just the two families of
Gigasporaceae and Acaulosporaceae. In addition to the
three potential niche shaping parameters discussed so
far (pH, N additions, soil texture) we considered a range
of environmental and climatic variables to convincingly
account for a potential Grinnelian niche of AM fungi.
The three possible scenarios for the model outcome are
as follows: i) We are unable to detect any factors that
influence the occurrence of either Gigasporaceae and
Acaulosporaceae; this result would lead to rejection of
the original hypothesis. ii) The factors that affect occur-
rence of Gigasporaceae and Acaulosporaceae are the
same; unless we observe large differences in the relative
importance of the factors or the estimates for the param-
eters this would effectively represent a general niche for
this subset of the Glomeromycota, and the hypothesis
would have to be rejected. iii) The factors shaping the
niches of Gigasporaceae and Acaulosporaceae differ—
this result would support the original hypothesis.

Materials and methods

Sources of data

On the 20th of June 2011 the MaarjAM database (Öpik
et al. 2010) was accessed. At the time when MaarjAM
was accessed it contained 105 studies. Studies were
screened so that they met the following inclusion
criteria:

1. They presented AM fungal community analysis
results that had been carried out under field con-
ditions. Only molecular identification trials target-
ing root fragments were considered.

2. The community analysis used a restriction frag-
ment length polymorphism (RFLP)—cloning ap-
proach so that it was possible to evaluate the
sequencing effort in the study.

3. The number of clones sequenced was available or
could be estimated from information in the article

4. Occasionally pH, altitude and/or climatic data
were missing in the study. In these instances we
have attempted to retrieve the data from i) former

studies that were carried out at the same location;
ii) in one case (Burke 2008) the pH that was used
was the mean pH predicted for Alliaria petiolata
occurrence from Grime et al. (1990); iii) for cli-
matic and altitudinal data a range of different web-
sites were used and are stated as part of the sup-
plementary information. Studies for which neither
pH, altitudinal or climatic data could be retrieved
were excluded from the dataset. Also, when single
plants were addressed, for which pH data were
contained in Grime et al. (1990) but with a range
of greater than 2 pH units, we excluded these from
the analysis (unless pH data could be obtained
from elsewhere).

5. Studies were excluded if the reported pH range of
the study area was greater than 2 pH units (e.g.
Dumbrell et al. 2010b) to standardise the extent of
uncertainty in the pH estimates across studies.
That way we have ensured that the possible error
for pH estimates was below 1.

In total 35 studies were included in the database
comprising 98 trials and 70 “study sites”. We used the
term study site to describe unique combinations of trial
locations and management treatments. A study typically
contained more than one study site; however, there were
also instances where more than one study pertains to the
same study site (e.g. studies in Helgason et al. 1999 and
Helgason et al. 2007 were both carried out at Pretty
Wood, in the absence of fertilization). The global distri-
bution of the 34 studies is presented in Fig. 1.

As stated earlier, only data on AM community
occurrence that originated from molecular analysis of
plant root AM communities were used. We have in-
tentionally excluded spore- based studies since we
were specifically interested in root colonizing AM
fungal assemblages. We justify this on the basis of
the following three arguements: (i) The correspon-
dence between assemblages assessed via spores and
root colonising structures can potentially be low
(Hempel et al. 2007); (ii) Moreover, the outcome of
exposure to environmental factors may be different for
different components of AM fungal growth (e.g. high
pH may reduce vesicle colonisation but increase the
number of arbuscules—Zhu et al. 2007; simultaneous
consideration of more than one measures of AM fun-
gal abundance may consequently be problematic); (iii)
consideration of the spore pool in the soil may introduce
biases in community analyses as many of them are
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ecologically inactive (Rosendahl 2008). Despite a re-
evaluation of the classification of AM fungi (Schüßler
and Walker 2010) in our analysis we have retained the
older AM fungal nomenclature for reasons of compati-
bility with the reports assessed.—Nevertheless, because
the families of Acaulosporaceae and Gigasporaceae
have not been reclassified in Schüßler and Walker
(2010) results drawn for the specific families still hold
for the new taxonomy.

Data on Gigasporaceae and Acaulosporaceae oc-
currence (in the form of binary variables, 0: absent;
1: present) were collected for the following character-
istics to be used as explanatory variables in the subse-
quent analysis.

1. Study site characterisation variables

The following categorical variables were included
to describe the degree of management of the study site

& Fertilisation: The categorical variable received the
value “1” in the case of anthropogenic nutrient
inputs. This included both arable land and fertilised
treatments in factorial fertilisation experiments.

& Major anthropogenic disturbance: The categorical
variable received the value “1” in the cases

where sites were located inside villages/cities
and arable fields.

& Woody vegetation: The categorical variable re-
ceived the value of “1” when either the sampling
had been carried out within a wood/forest or when
the root samples originated from isolated trees

& Heavy metal contamination: The categorical vari-
able received the value of “1” only in cases where the
soil was reported to be polluted with heavy metals.

2. Study site environmental variables and conditions
at harvest

The following continuous and categorical variables
were included

& pH: (continuous) The mean soil pH value reported
for the study site or the mean pH value expected
for the sampling site

& Altitude: (continuous) The altitude (in meters) of
the sampling site. Because information on altitude
was rarely provided in the articles, approximate
values retrieved for the broader area close to the
sampling site were used.

& Bulk density: (continuous) Unless reported an es-
timate of the bulk density of the soil was obtained

Fig. 1 World map showing the locations of the studies included in
the database. Numbers next to locations indicate the number of
independent studies that have been carried out in the specific

country/state. Pie charts next to the numbers present the relative
proportion of studies that have been carried out in woody (black),
agricultural/urban (white) or grassland (grey) ecosystem types
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based on soil texture information (according to
Saxton et al. 1986) and soil classification informa-
tion (according to Brady and Weil 2008). In three
studies where it was impossible to retrieve soil
texture information mean values of bulk density
(bulk density equalled 1.42) were used to prevent
exclusion of the studies from data analysis.

& Mean annual temperature: (continuous) Mean an-
nual temperature (in degrees Celsius) was taken
from the article; when not present we searched
internet resources for an area as close to the sam-
pling site as possible.

& Mean annual precipitation: (continuous) Mean an-
nual precipitation (in mm rain) was taken from the
article; when not present we searched internet
resources for an area as close to the sampling site
as possible.

& Season of harvest: (categorical) For sampling sites
in the Northern hemisphere values ranged from
0—autumn to 3—summer. For sampling sites
in the Southern hemisphere values ranged from
0—spring to 3—winter. When sampling had
been carried out over two consecutive months
the mean was used to describe the season of
harvest. If harvest was carried out over more
than one non-consecutive months then the variable
was left blank.

& Temperature of month of harvest: (continuous) In
the instances when it was possible to identify the
season of harvest climatic information on temper-
ature for the respective month of harvest were
retrieved from online databases.

Data analysis

1. Correcting for detection probability
The raw data we used for the analysis was the

presence/absence distribution of the two targeted taxa
so that, using logistic regression, we analysed the
probability that a site contained the targetedAM fungi.
The probability of detecting any organism in the field
can be partitioned into two probabilities: the probabil-
ity of occupancy or occurrence and the probability of
detecting the species if the species is present (e.g.
MacKenzie et al. 2002, 2003, 2006). The latter
accounts for the fact that “not detecting” a species
does not necessarily imply that the species is absent.
In fact, detecting a species strongly depends on the
sampling effort, which in our case depends on the

number of sequences available for each sampling site.
Therefore, a critical step in the analysis of the database
was to correct for the probability that Gigasporaceae
or Acaulosporaceae sequences were present but not
found in the community analysis. We assume that this
probability depends on the number of sequences
obtained in each sampling site. Consequently, we also
made the assumption that, if present in the community,
there was a fixed likelihood α (alpha) in each
sequential draw of retrieving a Gigasporaceae or
Acaulosporaceae sequence. The binomial probabil-
ity that a sequence had been present in the sequence
pool but was not sampled is P(n´) =αn (n being the
number of sequences). Therefore the probability for
the complementary event P(n) of a Gigasporaceae
or Acaulosporaceae sequence to have been present
in the sequence pool and sampled in a trial equalled:

PðnÞ ¼ 1�an ð1Þ

The parameter α was assessed using the
least squares method by fit t ing of the
presence-absence raw data of the AM fungal
families to the realized clone-sequencing effort.
In doing so, there was an implicit assumption
that the sequencing effort was the sole regula-
tor of the probability of detection of the AM
fungal family. This parameter was 0.937 for
Gigasporaceae and 0.957for Acaulosporaceae.

Since we use logistic regressions, in our models
the probability of detecting a Gigasporaceae or
Acaulosporaceae sequence Q(f(x)) as a function of
the number of sequences was incorporated in the
form of a logistic parameter. The formula that gives
the impact of the linear function f(x) of any contin-
uous parameter “x” on the logistic probability is as
follows:

Q f xð Þð Þ ¼ ef xð Þ 1þ ef xð Þ
� �.

ð2Þ

In our analysis we wanted to modify the number
of sequences “n” to a linear function f(x) so that the
logistic function Q(f(x)) would give the probability
of detecting a sequence. Thereby we wanted a
transformation of “n” so that Q(f(x))=P(n). From
(1) and (2) we deduce:

f xð Þ ¼ ln a�n � 1ð Þ ð3Þ
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The overall outcome of this preliminary model-
ling is that we obtained a term (called “detection
term” below) which we were able to use in the
subsequent modelling to correct for the bias of
having sampling sites which were sampled with
different intensity in terms of number of sequences.

2. Modelling
Modelling was carried out independently for

Gigasporaceae and Acaulosporaceae based on lo-
gistic mixed modelling—only linear logistic terms
were considered with the “study site” as a random
effect plus the detection term parameter.

The first step of the analysis was the assessment
of the importance of the study site characterisation
variables. These were each tested separately for
significance. When more than one study site-
related factor was significant, all possible combina-
tions of these significant factors were tested and the
combination that minimised the Akaike Information
Criterion (AIC) was selected to represent the study
site-related terms in the models that reflected the
environmental conditions best. After this first step
of the analysis three groups of parameters had been
screened for inclusion into all possible models that
were to be examined in the next step; across-trials
study site dependence, number of sequences and
significant study site characterisation variables.

The next step of themodelling process included the
evaluation of 16 candidate models that comprised all
possible combinations of the environmental variables.
When defining the 16 candidate or competingmodels,
we used the approach advocated by Burnham and
Anderson (2002) and based on the Akaike informa-
tion criterion: models need to be specified a-priori and
fitted simultaneously in order to avoid data dredging,
which is likely to arise when one adopts classical
approaches such as stepwise regressions (see also
Johnson and Omland 2004 for a review on the topic).
Only five continuous variables, pH, altitude, bulk
density, mean annual temperature and mean annual
precipitation, were considered and these represented
fundamental parameters of what a “niche”might be in
the case of the targeted taxa. Given the lack of knowl-
edge, all possible combinations of the five environ-
mental variables were considered.

As mentioned above, model selection was based
on an information theoretic approach using AIC.
Given the ratio between the number of predictors

and observations, we actually used the AIC corrected
for small sample size (AICc: Burnham and Anderson
2002). The model with the minimum AICc was used
as reference for calculating difference (Δi) in AIC,
thus ranking all models based on their relative perfor-
mance. The likelihood of a model for given data and
model weights (wi) were calculated andmodels within
two AIC units of AICmin were considered more plau-
sible than the others; their weights were used as a
measure of the strength of evidence in their favour
(sensu Burnham and Anderson 2002).

Given the uncertainty regarding the best model (see
results) and the fact that the magnitude of the effect of
environmental correlates was often very modest and
associated with larger uncertainty, we decided to use
multimodel inference based on model averaging,
which allowed a more conservative estimate of the
effect of environmental variables (Burnham
and Anderson 2002).

Parameter estimates for models were performed
using R (v2.12.0; R Development Core Team 2008).
Models were fitted with the package lme4 (Bates et al.
2011). Model averaging was conducted with package
MuMin (Barton 2011), which is available at http://
www.r-project.org.

3. Validation
A major issue when fitting ecological niche mod-

els is to assert that the parameter estimates reflect
information from the entire dataset and not individual
studies. To test whether individual studies may have
had a high overall impact on the parameter estimates
we have conducted a sensitivity analysis as follows:
Following model building and parameter assess-
ment, we have sequentially fitted parameters to the
entire dataset with the exclusion of a single study at a
time. The parameters were then re-assessed for the
newly-fitted model. If the re-assessed means for the
parameters were outside the 95% confidence inter-
vals of the full model then the sensitivity analysis
highlighted a lack of confidence in the model.

Results

Preliminary analysis revealed that the factors “season
of harvest” and “temperature of month of harvest”
performed poorly—this could be due to the fact that
temporal data were missing from a large number of
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studies, reducing the power of the analysis (Nakagawa
and Freckleton 2011). Consequently, the two variables
were excluded from further analysis.

Gigasporaceae

None of the study site characterization variables were
significant in the evaluation of the probability of oc-
currence of Gigasporaceae. Thus, the models tested
comprised only the across study site dependence term
and the sequences term, in addition to environmental
variables. Performance of individual environmental
models is presented in Table 1. Model averaging
revealed that the only statistical signal (CI not includ-
ing 0) was for the detection term (i.e. number of
sequences; Table 2a). However, another clear piece
of information which emerges from AIC based model
selection is that the relative importance of Bulk density
(0.86)Mean annual precipitation (0.65) and pH (0.58)
was quite high and, in fact, the model that minimized
AIC contained all these factors (Table 1). Moreover,
likelihood ratio tests for the relative performance of
the models i) with the sole predictive variable Bulk
density against the null model ii) with the sequential
addition of Precipitation and pH tested against the
respective model without the additive parameter
resulted in P values below 0.05. We concluded that
any further model of the probability of occurrence of
Gigasporaceae should include data on bulk density,
precipitation and pH in spite of the fact that currently
available data do not have the power (CI from model
averaging includes 0) to quantify their effects. The
scaled Nagelkerke r2 value (Nagekerke 1991), a pseu-
do R-squared, for the model that incorporated the
abovementioned three variables was 0.23. A three
dimensional graph on the impact of bulk density and
pH on the probability of occurrence of Gigasporaceae
for a high sequencing effort (predictive model) and
average values for non-illustrated parameters is pro-
vided in Fig. S1.

Acaulosporaceae

The study site-related variables that were found sig-
nificant were fertilisation and disturbance. Based on
the AIC criterion we preferentially included fertilisa-
tion along with the other correcting factors in all
models. Performance of individual environmental
models is presented in Table 1. This time, model

averaging clearly detected the signal (CI not including
0) of two parameters, bulk density and pH. However,
the model with the optimum AICc additionally includ-
ed altitude (Table 2). The Nagelkerke r 2 value of the
model that incorporated soil bulk density, pH and
altitude was 0.49. The probability of detecting
Acaulosporaceae isolates was low in neutral and alka-
line soils (pH equal or above 7.0) whereas there were
no records of Acaulosporaceae occurring in soils with
a bulk density below 1.3 (Fig. 2). Probability of oc-
currence of Acaulosporaceae isolates when only bulk
density and pH were considered and average values
for non-illustrated parameters other than sequencing
effort (which was assumed to be high) is depicted in
Fig. S2. Sensitivity analysis revealed that parameter
estimates were robust against exclusion of individual
studies (Figs. S3, S4).

Discussion

Results of this study revealed that distinct environ-
mental drivers shape the niches of Acaulosporaceae
and Gigasporaceae isolates. We have based our results
on an unprecedentedly large amount of data from a
broad range of study sites. Acaulosporaceae are sensi-
tive to low soil bulk densities and preferentially occur
in acidic environments whereas Gigasporaceae are
affected by bulk density, precipitation and pH. High
dependency of Gigasporaceae isolates on precipitation
is in agreement with Egerton-Warburton et al. (2007)
who demonstrated that from a set of three mesic and two
semiarid grasslands Gigasporaceae and Acaulosporaceae
could only be retrieved in the mesic sites, and the prefer-
ential establishment of Acaulosporaceae in acidic soils is
in agreement with reports that have described specific
Acaulosporaceae isolates to be acidophilic (e.g. Oehl et
al. 2006). We had also predicted the dependence of
Gigasporacae on soil bulk density (Lekberg et al. 2007)
but it came as a surprise that N-fertilisation did not affect
Gigasporaceae occurrence (e.g. Johnson et al. 2003).
Given the comparable statistical power that was available
for the analysis of the two AM fungal families we con-
clude that Acaulosporaceae isolates may exhibit a higher
environmental niche specialisation than Gigasporaceae
representatives.

Our analysis offers the first empirical support of
this expectation in terms of the effect that key envi-
ronmental parameters exert on the distribution of these
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two AM fungal families. Indeed, results of our study
revealed distinct environmental requirements for
Acaulosporaceae and Gigasporaceae. We claim that
our results are robust given the very conservative
modelling approach we have employed. However,
only 35 studies met the inclusion criteria and this

may raise issues of lack of statistical power. For ex-
ample, due to the relatively limited number of obser-
vations, it only made sense to consider linear terms in
the logistic models but ecological niches are typically
described by unimodal functions. Still, in spite of this
limitation, we detected clear statistical signals and

Table 1 Performance statistics and relative weights of models
for Gigasporaceae and Acaulosporaceae. In both modelling
attempts performance of the “global” model (that included all

candidate parameters) was low (weight < 0.05). Parameter
numbers stand for: 1–Altitude, 2–Bulk density, 3–Mean annual
temperature, 4–pH, 5–Mean annual precipitation

Parameters included Gigasporaceae Acaulosporaceae

Deviance AICc ΔAICc Weight Deviance AICc ΔAICc Weight

(−) 94.8 101.0 8.59 0.00 100.8 109.2 26.13 0.00

(1) 94.0 102.4 9.95 0.00 94.4 105.0 21.95 0.00

(2) 88.2 96.6 4.11 0.02 87.4 98.1 14.99 0.00

(3) 92.4 100.8 8.30 0.00 100.5 111.1 28.06 0.00

(4) 90.6 99.0 6.54 0.01 86.0 96.7 13.61 0.00

(5) 87.8 96.2 3.71 0.02 99.3 109.9 26.87 0.00

(1,2) 87.6 98.2 5.72 0.01 82.5 95.4 12.33 0.00

(1,3) 90.8 101.4 8.92 0.00 94.4 107.3 24.22 0.00

(1,4) 90.4 101.0 8.52 0.00 83.0 95.9 12.84 0.00

(1,5) 87.1 97.7 5.24 0.01 93.7 106.6 23.57 0.00

(2,3) 84.3 94.9 2.44 0.04 87.3 100.2 17.15 0.00

(2,4) 84.5 95.2 2.67 0.04 70.3 83.2 0.13 0.28

(2,5) 81.9 92.6 0.08 0.14 86.2 99.2 16.11 0.00

(3,4) 86.6 97.2 4.73 0.01 86.0 98.9 15.8 0.00

(3,5) 87.8 98.4 5.92 0.01 96.4 109.3 26.25 0.00

(4,5) 85.1 95.8 3.27 0.03 85.9 98.8 15.8 0.00

(1,2,3) 82.9 95.8 3.31 0.03 82.4 97.6 14.58 0.00

(1,2,4) 84.2 97.2 4.66 0.01 67.8 83.1 0.00 0.30

(1,2,5) 81.4 94.4 1.91 0.06 81.8 97.0 14.0 0.00

(1,3,4) 85.7 88.7 6.16 0.01 82.9 98.2 15.12 0.00

(1,3,5) 87.1 100.0 7.47 0.00 93.1 108.4 25.30 0.00

(2,3,4) 80.3 93.2 0.68 0.11 70.2 85.5 2.41 0.09

(2,3,5) 81.9 94.8 2.33 0.05 83.4 98.7 15.60 0.00

(2,4,5) 79.6 92.5 0.00 0.15 70.2 85.5 2.41 0.09

(3,4,5) 84.8 97.8 5.26 0.01 85.4 100.7 17.63 0.00

(1,2,3,4) 79.4 94.6 2.11 0.05 67.8 85.4 2.32 0.09

(1,2,3,5) 81.3 95.6 4.06 0.02 81.3 98.9 15.87 0.00

(1,2,4,5) 79.4 94.6 2.11 0.05 67.8 85.4 2.36 0.09

(1,3,4,5) 84.3 99.5 7.03 0.00 82.9 100.5 17.48 0.00

(2,3,4,5) 79.2 94.5 1.97 0.06 69.8 87.5 4.41 0.03

(1,2,3,4,5) 78.7 96.3 3.85 0.02 67.7 87.8 4.71 0.03

Deviance is a measure of fit of a model based on maximum likelihood estimation. When more parameters are considered deviance
typically becomes smaller. By contrast, AICc is a trade off between squared bias (declines with additional parameters) and variance
(increases with additional parameters) (Burnham and Anderson 2002)
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therefore our hypotheses received a robust support. In
the supplementary materials section we include two
predictive graphs on the probability of occurrence of

Gigasporaceae and Acaulosporaceae as a function of
the two most influential environmental variables. Yet,
these predictive models in the absence of quadratic
terms assumed monotonic taxa responses to the envi-
ronmental factors which are unrealistic. We have
resorted to this compromise because the amount of
available information was limited. The accuracy of
the inferred models is maximal for average parameter
values but declines for the extremes. Nonetheless, the
aim of the specific study was simply to identify the
key environmental factors that may regulate occur-
rence of Glomeromycota.

While it is in our view quite hard to objectively
define abundance, population size and even species in
microbial groups such as AMF, one fact is clear:
the unbalanced structure of the phylogenetic tree
of the divergent lineages of Gigasporaceae and
Acaulosporaceae and their general traits suggest
that broad differences in niche features could be
detected at a relatively high rank of the phylogeny
(i.e., trait conservatism; Powell et al. 2009).

In the general ecological literature there is an on-
going debate on whether “neutral” or “niche” process-
es can describe diversity patterns (Adler et al. 2007;
Clark 2012). This debate has recently attracted the
interest of soil microbiologists and, with regards to
AM fungi, the more general question has been in

Table 2 Averaged model parameters for predicting a. Gigaspor-
aceae and b. Acaulosporaceae occurrence with the use of logistic
regression models. CI = confidence interval

Coefficient SE Lower CI Upper CI

a. Gigasporaceae

(Intercept) −6.19 4.07 −14.20 1.77

Altitude −0.00017 0.00053 −0.0019 0.00086

Bulk density 3.42 2.21 −0.91 7.77

pH −0.24 0.27 −0.78 0.30

Precipitation 0.00074 0.00073 −0.00070 0.0021

Sequencing effort 0.031 0.013 0.0057 0.056

Temperature 0.029 0.052 −0.074 0.13

b. Acaulosporaceae

(Intercept) −3.08 3.29 −9.53 3.36

Altitude −0.00067 0.00098 −0.0026 0.0013

Bulk density 7.08 2.27 2.62 11.50

Fertilisation −0.48 0.76 −1.97 1.01

pH −1.26 0.40 −2.04 −0.49
Precipitation −0.000026 0.00032 −0.00061 0.00066

Sequencing effort 0.039 0.018 0.0047 0.074

Temperature −0.00067 0.029 −0.057 0.056

Fig. 2 Mean (continuous lines) ± 95% CI (dotted lines) esti-
mates following model averaging of the influence of pH and
bulk density on probability of occurrence of Acaulosporaceae.
Lines have been generated for the mean estimates for the other
environmental variables from the dataset and for an average
level of sequencing effort. Note that the probability of detecting
Acaulosporaceae isolates collapses for alkaline soils and that
there have been no occurrences of Acaulosporaceae in soils with

bulk density below 1.3. Overlaid black bullets correspond to
occurrence instances (presence for the bullets in the upper part;
absence for bullets in the bottom part of the graph) of Acaulo-
sporaceae isolates in the raw data screened according to the
observed/predicted pH or bulk density of the site. We could
not produce an equivalent graph for Gigasporaceae because
the only identifiable parameter was the detection term
(corresponding to number of sequences)
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terms of the relative roles of deterministic (e.g. niche)
and stochastic (e.g. demographic drift, priority effects)
processes determining AM fungal community struc-
ture (Dumbrell et al. 2010a; 2010b; Lekberg et al.
2007; Lekberg et al. 2011; Caruso et al. 2012). The
emerging view is that while there is evidence that
deterministic factors such as key soil variables (e.g.
pH: Dumbrell et al. 2010a) affect AM fungal commu-
nity structure, stochastic factors can locally predomi-
nate. For example, AM fungal communities tend to be
dominated by few taxa or even one taxon only but the
identity of this taxon varies from site to site (Dumbrell
et al. 2010b). The studies cited above used a classical
community approach at a species level, or some proxy
to the species level (e.g. molecular OTUs). This is in
principle appropriate within the framework of debates
such as the niche-neutral discussion, but the question
of what a species is and how ecologists qualify and
quantify species distributions in microbial communi-
ties such as AM fungal assemblages is far from being
answered exhaustively (Gamper et al. 2008; Amend et
al. 2010; Avis et al. 2010; Dickie and FitzJohn 2007;
Morton and Msiska 2010; Powell et al. 2011).

The study is the first of its kind to define niche
structure within a group of fungi following a synthesis
of a considerable amount of available literature
reports. “Ecological niche modelling” literature on
fungi is largely focused on specific strains of human
pathogens (e.g. Baptista-Rosas et al. 2007; Reed et al.
2008); availability of clinical records for disease out-
breaks may have facilitated such studies. However,
these studies have only addressed spatial aspects of
disease spread and not the environmental factors that
may have had induced it. Zalar et al. (2011) have
attempted to clarify the environmental factors that
could have favoured proliferation of fungal opportu-
nistic pathogens in dishwashers throughout the world
but they did not engage in any rigorous statistical
procedure to describe the structure of a potential
“niche” for any of the fungal pathogens. A remarkable
study, although not engaging in a broader synthesis,
was that of Ponce et al. (2011); the authors sampled 19
sites across Spain to model occurrence probability of
the ectomycorrhizal fungus Boletus edulis and its
common plant host Cistus ladanifer to assess suitabil-
ity of commercial growth of the specific symbionts.

We have presented strong evidence for niche based
differentiation between the two AM fungal families test-
ed, Gigasporaceae and Acaulosporaceae. Gigasporaceae

appeared to be more sensitive to soil moisture related
factors (precipitation) whereas Acaulosporaceae occur-
rence probability was affected by the altitudinal-related
variable. Taking also into account other pieces of evi-
dence (e.g. Lekberg et al. 2007; Dumbrell et al. 2010a),
we could generalise the claim for environmentally-
based niche differences for the entire phylum of
Glomeromycota. This implies that any hidden AM
fungal diversity could potentially be located in
unexplored community types that share distinct
combinations of environmental factors. It has been
strongly argued that in order to overcome the
“Linnean shortfall”, our ignorance of the realised
diversity on earth, systematic surveys should be
directed towards areas with known data deficiency
(Brito 2010). Öpik et al. (2010) attempted to syn-
thesise the existing knowledge on global distribu-
tion of Glomeromycota, concluding that a large
fraction of global AM fungal richness remains
unexplored. Determining the environmental factors
that are likely to affect AM fungal occurrence
most could result in the clear advantage of identifying
unexplored sites where sampling of AM fungal commu-
nities is highly likely to uncover unknown taxa.

The fact that Glomeromycotan fungi have distinct
ecological ranges suggests that their ecological optima
may differ and this should be verified experimentally.
Yet, the number of studies assessing AM fungal per-
formance under non-fixed conditions is very limited
(e.g. Antunes et al. 2011). This single study revealed
interactive effects of temperature on performance of
AM fungal isolates (Antunes et al. 2011). Thus, to
realise the full potential of any AM fungal isolate to
enhance fitness of their plant hosts we should try to
effectively mimic the conditions of the community
types where they preferentially occur. In conclusion,
following an information-theoretic approach we pre-
sented strong evidence on environmental niche-based
differentiation of occurrence of Gigasporaceae and
Acaulosporaceae, in agreement with our hypothesis.
The environmental parameters identified here rep-
resent a first step in developing predictive models
of the relative performance of Gigasporaceae and
Acaulosporacae isolates under changing environ-
mental settings and/or in agriculture.
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