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Theory surrounding landscape ecology has been built on the species distribution of birds
and plants, but increasing evidence now exists for below-ground organisms, whose
dispersal may also be affected by above-ground landscape structures. Uncertainties
remain for how communities of microorganisms respond to landscape structure over
time, and whether some groups of microorganisms react more than others. Here, we
investigated if fungal or bacterial diversity is driven by the amount of forest cover in
the current or the past landscape. We tested the habitat amount hypothesis (HAH) on
ancient forests of the Cevennes national park, that experienced increased fragmentation
150 years ago, and are today surrounded by recent forests. As ancient forests are
often more diverse in plant species, we hypothesized that the higher quantity of
ancient forests in the landscape, the richer local fungal and bacterial communities
would be. More precisely, we expected that ectomycorrhizal fungi, and pathotrophic
fungi, often indicators of mature forests, would be also more sensitive to forest history
and therefore to the quantity of ancient forests than bacteria and saprotrophic fungi.
We sampled 40 soil cores per 0.5 ha, pooled in 8 composite samples per plot in
27 landscapes and sequenced ITS1 and 16S markers by Illumina-Mi seq. To identify
functional groups of fungi, we relied on their taxonomy and the use of public databases.
Our results partly follow the HAH, as fungal richness was positively related with
the quantity of ancient forests in the landscape and not by the focal patch size.
Ectomycorrhizal and pathotrophic fungi were positively affected by the ancient forest
cover, and so were saprotrophic ones, but not bacteria. Local factors also shaped the
communities such as soil composition and elevation, confirming classical patterns in
soil microbial ecology. Interestingly, past landscape structure was better at explaining
fungal community richness than contemporary landscape, suggesting a time lag in the
response of communities to landscape modification and a potential extinction debt. Our
results reveal the importance of below-ground communities in studies of landscape and
historical ecology, with their structure and functions likely to be intimately linked with soil
and landscape history.
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INTRODUCTION

Soil microorganisms have only recently been included in studies
of landscape ecology (Almasia et al., 2016; Grilli et al., 2017),
with the discipline focusing mainly on plant, bird or insect
species distributions and dispersal. Microorganisms such as
fungi and bacteria, are among the most abundant and diverse
organisms in soil (Fierer et al., 2007a) and play diverse and
key roles in forest soil processes (e.g., decomposition, nutrient
cycles, biotic relations; Altieri, 1999; Birkhofer et al., 2012;
Hobara et al., 2014; Bani et al., 2018). Soil microorganisms
are also intimately linked with plant communities, and could
be affected by the landscape defined for plants, such as fields,
forest, or hedgerows. However, for soil microorganisms, one
major challenge in landscape ecology is to delineate patches,
and corridors, depending on species dispersal abilities. For fungi,
dispersal can occur over long distances (Vincenot and Selosse,
2017), but is often local (Peay et al., 2012), and thus size of
patches may be extremely variable. Moreover, recent studies
of landscape ecology on fungi have shown highly contrasting
patterns, depending on the functional community and the scale
studied (Nordén et al., 2018). For example, wood-associated
fungi are distinct at forest edges and are affected by forest
fragmentation (Helander et al., 2007; Abrego and Salcedo, 2014).
Similarly, in the lava-fragmented landscape of Hawaï, local root-
associated fungal diversity increased with forest area, and fungal
species composition was correlated with fragment connectivity
(Vannette et al., 2016). On the contrary, fragmentation did not
shape communities of arbuscular mycorrhizal fungi associated to
a ruderal forb (Grilli et al., 2015) while it affected ectomycorrhizal
communities associated with Alnus, Crataegus and Corylus
(Boeraeve et al., 2018a). Overall, Grilli et al. (2017) concluded that
in general, fragmentation negatively affects fungal diversity but
did not discuss other landscape characteristics. Among other soil
microorganisms, bacterial distribution has already been revealed
to respond to landscape effects (Fierer et al., 2007b; Culman et al.,
2010; de Vries et al., 2012), at least in the context of streams,
alpine soils and agricultural landscapes. Under more continuous
cover such as forests, the response of bacteria to landscape has
not been investigated and could reveal strong spatial patterns,
as suggested by their high spatial turnover in heterogeneous
environments (Horner-Devine et al., 2004).

Beyond fragmentation, the landscape can shape species
distributions in various ways, with for example Fahrig (2013)
suggesting that the quantity of habitat in the landscape could
be more important than its spatial distribution. This hypothesis,
named “habitat amount hypothesis” (HAH) has been intensely
debated (Fahrig, 2015; Hanski, 2015) as for some authors it
ignores well-known effects of landscape configuration (Haddad
et al., 2017), and may not apply to the more isolated patches
(Lindgren and Cousins, 2017) nor to all organisms. For example,
it was verified for small mammals (Melo et al., 2017) but not
for saproxylic beetles (Seibold et al., 2017). A meta-analysis
based on 13 tests of the HAH suggested that patch isolation and
size, after controlling for habitat amount, have an overall weak
effect (Martin, 2018). The synthesis of Martin (2018) concluded
that response to landscape configuration and HAH would be
taxa- and context-specific, calling for repeated studies on a

broader range of organisms. We thus decided to investigate the
response of fungal and bacterial communities to the amount of
available habitat, which could reveal alternative hypothesis when
investigating the importance of fragmentation or patch area on
these organisms. More precisely, we aimed to test if ancient forest
quantity could shape existing fungal and bacterial communities.

The impact of historical patterns of habitat cover on
contemporary biodiversity patterns has been documented in
many fragmented landscapes (Harding et al., 1998; Kuussaari
et al., 2009). Indeed, as it may take many generations for
populations to go extinct after habitat loss and fragmentation,
it has been hypothezised that a “ghost of land-use past”
(Harding et al., 1998) can be a powerful driver of present-
day diversity. If so, this would imply considering landscape
history in conservation planning (Schrott et al., 2005; Kuussaari
et al., 2009). A few pioneer studies have already demonstrated
that fungal distribution is partly explained by ancient roman
occupancy (Diedhiou et al., 2009), and that ectomycorrhizal
fungi functions are distinct on such sites (Diedhiou et al.,
2010). Case studies in Norway also revealed that the distribution
of lichens – noted slow growing organisms- was shaped
by the distribution of old oaks (Ranius et al., 2008a,b).
Finally, Berglund and Jonsson (2005) revealed an extinction
debt (Kuussaari et al., 2009) in lichens but not for wood-
decaying fungi, suggesting that fungi with distinct ecologies
may react differently to landscape dynamics and forest histories.
Such evidence supports the consideration of both HAH and
historical delineation of landscapes when investigating current
soil microorganism distribution.

In temperate forests, ancientness, defined as the “temporal
continuity of wooded soil” (Cateau et al., 2015), is a major
characteristic of forests. Ancient forests are habitats for numerous
species of plants (Hermy et al., 1999; Bergès et al., 2016; Bergès
and Dupouey, 2017), and 57 to 132 species are recognized as
indicators of ancient forests in France and Europe, respectively.
While fungi can be indicator of forest maturity and therefore
old-growth forests (Parmasto, 2001; Christensen et al., 2005;
Dvořák et al., 2017; Halme et al., 2017), their link with ancient
landscapes has received much less attention (Hofmeister et al.,
2014). Interestingly, ancient forests of Belgium have revealed a
higher diversity of fungi as compared with fragmented recent
forests (Boeraeve et al., 2018b), but similar to non-fragmented
forests, which suggests that both landscape structure and forest
history may shape fungal diversity. To our knowledge, no study
has investigated the bacterial communities of ancient forests.
A recent study showed that bacterial communities are influenced
by local abiotic factors, and not by soil history (Almasia et al.,
2016). These results confirmed anterior studies that showed
that pH was the best predictor for soil bacteria community
distribution (Fierer and Jackson, 2006; Lauber et al., 2009).
Investigating both fungi and bacteria in ancient forests may
therefore reveal contrasting patterns, and we could expect fungi
to be more specifically associated with ancient forests.

The development of both environmental sequencing
to investigate soil organisms (Taberlet et al., 2012; Zinger
et al., 2016) and public databases of historical maps
(Bergès and Dupouey, 2017) make such a study of soil
community and landscape ecology possible. Indeed,
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environmental sequencing can target all bacteria and fungi
with universal markers, and enable the sequencing of both
ectomycorrhizal, saprotrophic or pathotrophic ones. In parallel,
public databases are now reporting functional traits for hundreds
of soil taxa (Nguyen et al., 2016), and can therefore be used to
derive functional diversity from environmental sequencing. Until
now, wood associated species, often pathotrophs, are recognized
as indicators of old-growth forests (Parmasto, 2001; Dvořák
et al., 2017; Halme et al., 2017) and the question remains as to
whether such species are also sensitive to the quantity of ancient
forests in the landscape. Moreover, as ectomycorrhizal fungi are
intimately associated with trees, we could hypothesize that they
would also be favored by forest continuity and the quantity of
ancient forests in the landscape. Conversely, for saprotrophic
fungi, abundant in the litter, and bacteria, the question remains as
to whether they would reflect differences in landscape structure
in a forest context.

In Cevennes National Park, ancient forests are scattered in
the landscape, and occur surrounded by conifer plantations,
or recently established beech (Fagus sylvatica) forests. While
80% of the Park territory is represented by forests today, only
13% of the territory was covered by forests in 1850 (Figure 1).
The difference between ancient and recent forest distribution
is particularly high as compared to other forests in France
(Bergès and Dupouey, 2017), and represents a study site to
investigate the response of soil microorganisms to past and
present landscapes, and test HAH. To better understand the
effect of landscape on below-ground communities, we therefore
handled a large-scale sampling of soil communities in Cevennes
National Park. Our objectives were to test (1) if fungi and
bacteria communities could follow the HAH, being richer in
forests surrounded by higher forest cover, (2) if functional groups
show distinct responses to the landscape structure, and (3) if
soil microorganism communities show a response time lag to
modification of landscape structure.

MATERIALS AND METHODS

Study Sites and Landscape Variables
Design
The study area covers circa 15,000 hectares in the core area
of Cevennes National Park (93,800 hectares). This area was
mainly covered by forest (70% surface cover), dominated by
European beech (F. sylvatica L.), mixed either with deciduous
species (Quercus sp.) or with coniferous species (Abies alba
Mill. and Picea abies (L.) Karst). We selected 27 landscapes to
include a gradient of ancient forest cover (Figure 1). Following
Fahrig (2013), we checked that the patch surface (including the
sampling site) and the total surface occupied by ancient forests
in the landscape were decorrelated (e.g., of patches, Figure 2,
Supplementary Figure S1). Sample sites were located at the
center of each landscape, in ancient forests dominated by beech,
covering an area of 0.5 ha. The information on beech coverage
and forest surface (both ancient and recent) were acquired from
conservation maps (2011) provided by the National Park and
based on digitized maps produced between 1920 and 1966 (IGN,
2011). Beech coverage was confirmed by an estimation of beech

total basal area with a relascope at each site. We computed
this information for buffers in a radius of 500, 1000, 1500, and
2000 meters around the central sampling patch (e.g., Figure 1).
All landscapes were selected from the montane bioclimatic
zone, between 935 and 1453 m a.s.l. and on granitic bedrock
using MNT BD Alti R© (IGN, 1996) and a geological map (Carte
lithologique simplifiée R©, BRGM, 2008). Total ancient forest area
was calculated for landscapes of 78, 314, 706, and 1256 hectares.

Soil Sampling and Processing
Soil samples were collected during April 2017 (average
temperature 4.4◦C, average precipitation 17.6 mm from
www.infoclimat.fr). At each study site, soil cores were collected
along two 60 m transects, spaced 20 m apart. Every 20 m along
a transect, a soil core was collected, and pooled with four soil
cores collected at 3.5 m from the focal point in each cardinal
direction. The soil core itself was collected with a shovel, from
the first 10 cm of soil depth, targeting the A horizon and
removing the larger debris from the litter. Between each soil
core, a false core was sampled in a radius a 1m, to remove
the debris from the previous sampling point, and prepare the
next sampling point. The shovel was clean every night with
2% bleach and rinsed with tap water (i.e., every two plots).
For each plot, a total of 40 soil cores were then collected and
pooled into 8 composite samples, before being returned to the
lab the same day. 15 g of each composite sample was isolated
in clean tea-bags and dried with 50 g of silicagel (with more
added if the sample was not dry the day after). Soil DNA was
extracted less than 1 month later from the dry samples (circa
10 g of soil) with Macherey Nagel NucleoSpin R© Soil kit (Ref
740780.250). Amplifications targeted ITS1 nuclear rDNA primers
for fungi (Fwd: ITS5 GGAAGTAAAAGTCGTAACAAGG
from Epp et al., 2012 and a modified version of Rev:
5.8S_Fungi CAAGAGATCCGTTGTTGAAAGTK, Taberlet
et al., 2018), and 16S rDNA (V5,V6) for bacteria [Bact01
primers – Fwd: GGATTAGATACCCTGGTAGT and Rev:
CACGACACGAGCTGACG (Fliegerova et al., 2014)]. Each PCR
was performed with a unique set of primers, characterized by a
unique set of 8 nucleotide tags added to the universal primers, to
distinguish sample sequences later in the analysis (as described
in Taberlet et al., 2018). Negative controls without any PCR
reactants were included (representing 10% of our reactions)
and all PCR reactions were replicated twice, each time with
distinct primer pairs. Replicates were not amplified on the same
PCR plate. PCR conditions followed Nagati et al. (2018). All
PCR reactions were pooled to prepare a unique Illumina-Miseq
library, as the use of 8 nucleotide tags allowed to distinguish
replicates and samples sequenced within the library. Lastly, the
library was sent to the GenoToul Core Facility platform for
sequencing in two directions and at 250 bp (2∗250 bp).

Bioinformatic and Sequence Analysis
Bioinformatic analyses were handled with OBItools (Boyer et al.,
2016). First, R1 and R2 reads were “paired-end” based on a
50 bp overlap, then low quality sequences, sequences shorter than
100 bp, and non-assembled sequences were removed. Sequences
were attributed to samples thanks to their unique primer and
8-nucleotide tag combinations. Non-attributed sequences were
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FIGURE 1 | Map of Cevennes National Park and distribution of ancient forests and sampling sites. Landscapes are illustrated as circles of different radii around
sampling plots, but for more clarity, only radii of 500 m are drawn for most sites.
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FIGURE 2 | Examples of landscape structure, illustrating gradients of habitat amount in the landscape, from (A) a landscape dominated by recent forest, to (F) a
landscape dominated by ancient forest. The size of the central patch can be variable, and does not correlate with the quantity of ancient forest in the buffer. As an
example, both large (A–C) and small patches (B,E,F) of ancient forests were sampled, in landscapes with a variable quantity of ancient forests (increasing from
(A–F)).

discarded after this step. To speed up analyses, sequences were
dereplicated, i.e., for each repeated sequence, one sequence was
kept, and its occurrence per sample was counted. At this step
sequences only occurring once in the dataset were removed, since
these likely represented sequencing artifacts. Pairwise distances
were then computed using sumaclust function to delineate
sequence clusters with similarity of 97% or above (representing
operational taxonomic units, OTUs, following Nilsson et al.,
2008). Taxonomic assignment of OTUs was conducted using
reference databases with the ecotag function (Boyer et al., 2016),
which uses global alignment of sequences against full-length
references. This function compares sampled short sequences
with a database of short sequences, and returns not only the
most similar sequence but also the taxonomic assignment of
other closely similar sequences. With this method, low similarity
sequences are assigned to “Fungi”, while sequences with a high
similarity to several Russulaceae are assigned to “Russulaceae,” or
even to an individual species. For fungi the reference database
of short sequences was obtained by running an in silico PCR
with the ecoPCR program (Ficetola et al., 2010) on Genbank
(release 197;1) using the primer pairs employed here. Chimeras
have very bad results with ecotag, as sequences are not assigned
to a high taxonomic level. Then, taxonomic assignment yielding
the highest similarity score was kept. For Bacteria, taxonomic
assignment was not handled with ecotag but conducted using the
SILVA database (Quast et al., 2012), with similarity parameters
kept at 0.97. Subsequent dataset processing and analyses were
conducted using R (R Core Team, 2019). Based on taxonomy, we

1ftp://ftp.ncbi.nlm.nih.gov/genbank

removed all non-fungi and non-bacteria sequences, respectively.
For bacteria, we also removed chloroplast or mitochondrial
sequences. Using the sequenced negative controls, we also
removed sequences abundant in the controls and rare in our
samples (representing less than 5% of their counts). We had no
case of sequences which were both abundant in samples and in
controls. Finally, fungal guilds were assigned using FUNGUILD
(Nguyen et al., 2016). Raw sequences were deposited on DRYAD2.

Soil Sampling for Chemical Analyses
After collecting soil for the DNA extraction, the remaining
485 g of soil of each composite sample was transferred to a
paper bag and dried at 50◦C for three days. Before drying,
pH units were obtained by pH colorimetric measurement. All
composite samples were used for soil chemical analysis, resulting
in 8 samples per plot. The soil physicochemical analyses were
performed according to current standards by a soil testing
laboratory3: total soil organic carbon content (NF ISO 10694),
total nitrogen (NF ISO 13878), phosphorus (Duchaufour),
measures of cation exchange capacity and exchangeable cations:
calcium, magnesium, sodium, potassium, iron, aluminum and
manganese (cobalt hexamine).

Data Analyses
All analyses were carried out with the R 3.6.1 (R Core Team, 2019)
software, using the iNext package (Hsieh et al., 2016) to compute
Hill numbers and sample coverage, the lme4 (Bates et al., 2015)

2https://doi.org/10.5061/dryad.hmgqnk9c8
3https://www6.hautsdefrance.inra.fr/las/
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and MuMin (Bartoñ, 2019) packages for the GLMMs, and the
vegan package (Oksanen et al., 2019) for multivariate analysis.

Bacterial and Fungal Diversity and Sampling
Coverage
First of all, to investigate if the NGS approach had produced
comprehensive inventories, we assessed the sampling coverage
at the site level using the framework proposed by Chao and Jost
(2012). The sampling coverage was measured for each functional
and taxonomic group.

Habitat Amount Effect on Species Diversity
To test the HAH, we investigated several indices of diversity via
the Hill numbers framework (Hill, 1973; Alberdi and Gilbert,
2019) which allows the weighting of rare species through the
parameter q. The larger the q value, the higher the importance
attributed to abundant OTUs. We considered three values: q = 0
(equivalent to species richness), q = 1 (equivalent to Shannon
index) and q = 2 (equivalent to the inverse of Simpson index).
Diversity was computed separately for all bacteria and all fungi.
For the latter, we also estimated diversity indices for each trophic
guild (symbiotrophs, pathotrophs and saprotrophs).

To test if species diversity was positively correlated with
ancient forest coverage in the landscape, we used GLMM with a
Poisson distribution and several co-variables: the focal patch area,
the first three axis of a PCA on edaphic descriptors (Table 1) and
elevation. The site was included in our models, as a random effect,
to account for spatial structure of the sampling design.

Habitat Amount Effect on Community Composition
The effects of landscape structure and local descriptors
on community composition were assessed by distance-based
redundancy analysis. We used the Bray-Curtis dissimilarity
index as recommended by Lucas et al. (2017) to analyze
microbial communities described by high-throughput molecular
techniques. To partial out spatial variation in community
composition, we used the vectors created by a Principal
Coordinates of Neighborhood Matrix (PCNM, Dray et al., 2006).

TABLE 1 | Variable contributions (%) to the first three axis of the PCA of
local descriptors.

Variables Dim 1 Dim 2 Dim 3

PCA components

C 8.24 12.90 1.50

N 9.62 4.05 4.39

C/N 0.54 20.91 6.28

P205 0.34 1.03 45.27

CEC 13.71 1.29 1.11

Ca 14.10 0.68 0.64

Mg 13.16 0.00 0.15

Na 7.14 7.05 0.03

K 12.59 1.39 0.32

Fe 4.14 19.08 4.73

Mn 7.65 11.99 0.04

Al 6.83 13.91 0.03

Elevation 1.94 5.73 35.49

Indeed, our sampling was scattered in Cevennes National Park,
and we used this technique not to test the spatial structure, but
to remove the variation linked to spatial structure and focus
on habitat amount variations. Permutation tests were used to
assess the significance of marginal effect of each predictor on
Bray-Curtis distances.

Spatial and Temporal Scale of Effect
We conducted a multi-scale analysis to determine the optimal
spatial extent (scale of effect) at which landscape structure
(here the habitat coverage) best predicts our response variables
(Brennan et al., 2002; Jackson and Fahrig, 2015). We considered
four radii (500, 1000, 1500, and 2000 m, see Figure 1) for the
landscape structure and estimated the scale of effect for each
response variable by model comparison based on the small-
sample Akaike Information Criteria (AICc). The scale of effect
was the radius of the buffer (landscape) corresponding to the best
model, chosen with the smallest AICc. Finally, to explore a legacy
effect on current OTU diversity, we compared models built with
either ancient or contemporary forest cover as habitat amount, at
the relevant scale of effect for each response variable (Figure 3).

RESULTS

Bacterial and Fungal Diversity and
Sampling Coverage
The sequencing run produced 3 014,848 and 2 137,868 sequences
for fungi and bacteria, respectively (without singletons and
low-quality sequences). After cleaning the sequences (using
negative controls and taxonomic assignment), we detected
3 751 fungal OTUs from 1.31 × 106 sequences and 14 922
bacterial OTUs from 8.44 × 105 sequences. The number of
sequences was lower for bacteria as sequences attributed to
mitochondria and chloroplasts were removed. Rare OTUs, well
identified to fungi and bacteria, represented a minor part of the
dataset for fungi (10% of OTUs occurring once, 12% occurring
twice), but a larger part of bacteria (22% occurring once, 22%
occurring twice). For fungi, 36.5%, 27.4% and 9% of OTUs
were unambiguously assigned to symbiotrophs, saprotrophs and
pathotrophs, respectively. Other OTUs were either attributed
to two trophic modes (e.g., pathotroph and saprotroph) or not
attributed to a trophic mode given the low taxonomic resolution
(for Dikarya sequences, i.e., 11.8% of OTUs). Ectomycorrhizal
fungi represented 92.4% of symbiotroph fungi, while arbuscular
mycorrhizal fungi represented 4.3% of OTUs. Other mycorrhizal
fungi belonged to several guilds (e.g., ectomycorrhizal and orchid
mycorrhizal or ericoid mycorrhizal), to endophytes (0.01%) or
lichens (1.3%). Ectomycorrhizal OTUs were more diverse, with
1245 OTUs, mainly belonging to Russulaceae, Cortinariaceae
and Atheliaceae (Supplementary Figure S2). Cortinariaceae
were more abundant in sequences but Russulaceae were
richer in OTUs (Supplementary Figure S2). Among
bacteria, proteobacteria, acidobacteria and actinobacteria
were dominant, with actinobacteria represented by more
sequences and proteobacteria by more OTUs than other phyla
(Supplementary Figure S3).
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FIGURE 3 | Estimation of the scale of effect of the landscape variable (habitat amount) for each group and each Hill number (0D: species richness, 1D: Shannon
index and 2D: inverse of Simpson index). Arrows indicate the distance with the lower AIC and therefore the best model. OTU refer to all fungi OTUs.

With a mean sampling coverage of 94% and 99% for
bacteria and fungi, respectively, our sampling is comprehensive
at the site level (Supplementary Figure S4). Communities
were relatively rich at each site, with at least 445 fungal and
2030 bacterial OTUs at each site (maximum of 1121 and 3948
OTUs, respectively). For fungi, when looking at the trophic
group level, the sampling coverage was 99%, 98% and 95%
for symbiotrophs, saprotrophs and pathotrophs, respectively
(Supplementary Figure S4). Furthermore, the sampling coverage
was not affected by the number of reads, which suggests that the
sampling coverage was high even locally for composite sample.
Therefore, we did not have to include the number of reads as a
covariable in our models.

Habitat Amount Effect on Species
Diversity
PCA was used to reduce the number of soil variables included
in the GLMMs. The first three axis of the PCA on soil variables
summarized 82.5% of total inertia: the first axis was mainly
explained by Ca, Mg and K contents together with the CEC,
the second axis was mainly explained by C/N and Fe content,
and the third axis was mainly explained by P2O5 content and
elevation (Table 1).

The use of Hill number allowed to compare the response
of all fungi including rare species, more common species and
the more abundant ones. In line with our predictions, habitat

coverage was significantly and positively related to fungal OTU
richness and with OTU richness of the three fungal trophic
groups (Table 2) while patch area had no effect on OTU diversity.
Such pattern did not emerge among fungi for common OTUs
(1D) and dominant OTUs (2D). However, the patch area was
significantly and positively related to the Simpson diversity (2D)
of saprotrophs (Table 2). Regarding bacteria, whatever the Hill
number considered, we did not detect any significant relationship
between diversity and habitat amount or patch area.

On the other hand, for all taxa and trophic groups, the
first component of PCA was the main driver of OTU diversity
(Table 2). This axis was mainly driven by soil CEC, other
cations concentration (Ca, Mg, K). The second axis, driven by
Fe concentration and C/N ratio, only correlated with bacterial
Shannon diversity. The third axis, mainly driven by phosphate
concentration and elevation, was significantly and negatively
related with OTU richness of all fungi, and each trophic group,
but not for bacteria (Table 2). Whereas this correlation was
also observed for common and dominant symbiotrophic OTUs,
no relationship emerged for pathotrophs and saprotrophs when
decreasing the importance of rare species on diversity indices
(Table 2). Finally, for all indices and taxonomic or functional
groups, the effect of PCA axis was always more important and
significant than the habitat amount effect, showing that both
factors contribute to shape microorganism diversity but that soil
factors are also extremely important locally.
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Habitat Amount Effect on Community
Composition
The composition of communities was only affected by the
three PCA axis but not by the habitat amount nor the patch
area (Table 3). All fungal, symbiotrophic and saprotrophic
communities were shaped by the three PCA axis, while bacterial
communities were shaped by the two first axis, and pathotrophic
fungi only by the first one.

Spatial Scale of Effect
The scale of effects (of the habitat amount) was variable according
to Hill numbers and the group considered (Figure 3). As a general
pattern, the scale of effect increased with increasing the weight
of rare species in diversity indices (Figure 3, see arrows). Our
landscapes were initially delineated in a radius of 500 m, which
seems relevant to explain variations in 2D Hill number (inverse
of Simson index) of all micro-organisms but saprotrophic fungi.
Variation in species number, on which HAH was based, are on
the contrary better explained by landscape structure delineated
with a radius greater than 500 m (at least for all fungal OTUs,
saprotrophic and symbiotrophic ones).

Ancient vs Actual Forest Cover
For all models with a significant effect of habitat amount, the
models based on ancient forest cover had lower AICc than
those based on contemporary forest cover (Table 4). This pattern
was observed for all taxonomic and functional groups, but
the difference of AICc was more important for saprotrophs
and pathotrophs.

DISCUSSION

While there are debates surrounding how fungi can be affected
by fragmentation (Grilli et al., 2017), our study showed, for
the first time, that habitat coverage in the landscape is a driver
of the species richness of local communities in forest patches.
We did not confirm this pattern for bacteria, nor for the more
abundant species (according to Hill numbers), but showed that
both ectomycorrhizal (the main symbiotrophic fungi in our
analysis), pathotrophic and saprotrophic fungi responded to the
amount of ancient forest in the landscape. This common trend for
fungi probably contrasts with the differences in dispersal strategy
among fungi (Douhan et al., 2011). However, all agree that most
spores disperse locally (Adams et al., 2013). This result follows the
observations of Peay et al. (2012), who measured the dispersal
of ectomycorrhizal fungi from 1 m to 10 km, and showed a
rapid decrease in colonization success with increasing distance
to the source. Edman et al. (2004) also confirmed that local
sources were particularly important for wood decaying fungi and
recommended maintaining local sources of dead wood, paying
attention to the vicinity of forest patches. Interestingly, this trend
was not confirmed when decreasing the weight of rare species
(see results for Shannon and Simpson indices), suggesting that
rare species would be more sensitive to the habitat coverage
and changes in landscape structure. For wood-inhabiting species,
a similar pattern has been observed, and Nordén et al. (2013)
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TABLE 3 | Results from distance-based redundancy analysis (db-RDA) using Bray-Curtis dissimilarity.

Conditional
inertia (%)

Constrained
intertia (%)

Habitat amount Patch area PCA diml PCA dim2 PCA dim3

F p F p F p F p F p

All fungi 26 24 1.05 0.377 1.11 0.312 1.57 0.014 1.72 0.009 1.52 0.016

Symbiotrophs 25 25 1.09 0.357 1.37 0.083 1.53 0.017 1.66 0.006 1.45 0.038

Pathotrophs 28 23 1.14 0.25 0.86 0.688 1.37 0.097 1.97 0.005 1.43 0.064

Saprotrophs 26 24 0.98 0.459 0.78 0.769 1.92 0.006 1.91 0.007 1.97 0.004

Bacteria 24 25 0.95 0.549 0.94 0.572 2.15 0.002 1.98 0.002 1.34 0.088

Values in boldfaces are significant (P < 0.05).

TABLE 4 | Models comparisons, with AICc, when using either ancient or
contemporary forest cover as habitat amount.

AICc

Response variables Ancient
Forest

Contemporary
Forest

All fungi 0D (Richness) 345.33 352.31
1D (Shannon diversity) 231.5 230.79
2D (Simpson diversity) 199.47 198.51

Symbiotrophs 0D (Richness) 292.19 294.81
1D (Shannon diversity) 187.62 191.45
2D (Simpson diversity) 168.36 172.04

Saprotrophs 0D (Richness) 284.65 292.06
1D (Shannon diversity) 215.62 217.38
2D (Simpson diversity) 189.59 190.67

Pathotrophs 0D (Richness) 208.69 221.11
1D (Shannon diversity) 195.5 196.83
2D (Simpson diversity) 184.83 184.95

Bacteria 0D (Richness) 414.34 414.85
1D (Shannon diversity) 301.01 301.79
2D (Simpson diversity) 246.1 247.3

showed that rare specialist fungi were more limited by their
habitat loss than generalist fungi. As the importance of rare
species may also be lowered with Bray-Curtis distances, this
would also explain why we did not detect any relationship
between habitat coverage and the composition of communities.

Conversely, the diversity of bacterial communities was not
affected by the habitat coverage of ancient forests, but rather
shaped by local environmental factors. While the habitat amount
hypothesis has never been investigated per se on bacterial
communities, early studies have already shown the importance of
habitat fragmentation and patch size in experimental conditions
(Burkey, 1997; Gilbert et al., 1998). Interestingly, a recent study
of fragmented landscapes in Chile (Almasia et al., 2016) also
highlighted the importance of local environmental factors but
not historical factors, confirming that present day conditions
would be more important than historical ones. This lack of
response by bacteria to ancient forest quantity could also be
explained by their high turnover and short life span. Some
bacteria are able to be dormant (Kaprelyants et al., 1993),
but this trait is not widespread, and might have been selected
rather in extreme environments or at high elevations (Jones

and Lennon, 2010; Pozzi et al., 2015). In the Cevennes national
park, soil conditions are not extreme and may not select for
dormant bacteria, which may reduce their sensitivity to past
forest conditions. When considering bacterial dispersal, several
studies agree that terrestrial bacteria are able to disperse over
relatively long distances (Smith et al., 2013), greater than fungi
(Chemidlin Prévost-Bouré et al., 2014; Vacher et al., 2016), but
are still locally limited by environmental conditions (Horner-
Devine et al., 2004). Our study corroborates the importance
of local soil parameters in shaping bacterial diversity without
definitively rejecting the HAH, which could be investigated in
more contrasted soil landscapes (e.g., agricultural vs forest soils).

By revealing that past forest cover better explains variation
of species diversity than recent forest cover does, our study
raises questions on the persistence of past landscape structure
and its effect. Numerous clues have accumulated for plant
communities (Nordén et al., 2014), even in Amazonian forests
where botanists have now revealed that plant diversity is higher
close to pre-Colombian sites (Levis et al., 2017). Such legacy
effects are therefore acknowledged for plants, especially for
trees due to their long lifespan. For fungi, the persistence of
effects raises questions, for example on fungal longevity in soil.
Estimating the age of fungal genets is rarely done, and requires
knowledge of growth rates, but Smith et al. (1992) revealed
that a Armillaria bulbosa genet remained genetically stable over
1500 years. Interestingly, this fungus is also parasitic, illustrating
that a fungus can survive longer than its host. In the case of
ancient beech forests, fungal genets could be sampled to test if
their age compared to recent forests, and therefore to determine
if part of the diversity could be attributed to past conditions.
A study of lichens and fungi associated with old oaks have
revealed an in-between trend: their diversity was both shaped
by past and recent conditions (Ranius et al., 2008a), but older
oaks hosted the richer communities (Ranius et al., 2008a,b).
Similarly, for plants, past fragmentation particularly affects the
current distribution of only slow colonizing species (Vellend
et al., 2006) causing a long-lasting extinction debt, which is
possibly never paid (Dupouey et al., 2002). The same pattern may
be true for fungi, demonstrating the need for further studies of
fungal traits and especially their dispersal abilities in order to help
understand differences of extinction debt observed between fungi
(e.g., Berglund and Jonsson, 2005).

Beyond those distinct patterns for bacteria and fungi, our
study has revealed new landscape effects on soil communities,
and highlighted the interest of conserving large amount of
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ancient forests in the vicinity of recent forests to favor fungal
diversity in soil. Interestingly, the results of a study of English
forests by Spake et al. (2016) already demonstrate the benefit
in conserving patches of ancient forests close to younger
forests, when they detected a high similarity of fungal diversity
and community composition between closely located pairs of
forests, both dominated by oaks. All these results raise the
question as to whether ancient forests could act as sources
for fungal dispersal. The study of Bidartondo et al. (2001) in
and near ancient forests of bristlecone pine revealed a low
diversity of ectomycorrhizal inoculum, contrasting with the idea
that old-growth forests would host more species, and at least
“indicator” species, specifically associated with old trees. While
the literature on fungal indicators is rich for wood-decaying
fungi, results for ectomycorrhizal fungi are more contrasted. For
example, Dahlberg et al. (1997) and Richard et al. (2005) have
revealed a high diversity of ectomycorrhizal species in boreal
and Mediterranean old-growth forests, respectively. A large-
scale inventory in Czechia recently highlighted the correlation
between ancient forests plants and fungal diversity, and suggested
that ancient forest plants could be used to predict fungal
richness, especially for red-listed species (Hofmeister et al.,
2014), but rarely for ectomycorrhizal fungi. These results may
depend on dominant tree species, as Boeraeve et al. (2018a)
revealed that only late successional tree species host more diverse
ectomycorrhizal communities in the oldest forests.

Our results, based on soil metabarcoding, suggest that nearly
all fungi could be favored by greater coverage of ancient forest,
and in particular highlight the strong effect on ectomycorrhizal
fungi, dominant in our samples and more generally in beech-
forest soils (Guinberteau, 2011; Coince et al., 2013). Using such
techniques could therefore revolutionize the debate surrounding
indicator species for ecological continuity (Rolstad et al., 2002)
and allow for the comparison of diverse types of ancient
forests, under different hosts. On the other hand, indicator
species will still be useful for an above-ground diagnostic, since
most sequences cannot be identified at the species level with
metabarcoding techniques. For example, while Russulaceae and
Cortinariaceae were the more abundant families, typical beech-
associated fungi (mentioned by Guinberteau, 2011), such as
Russula fageticola, R. faginea, R. rubroalba, R. mairei, Cortinarius
montanus var. fageticola, and C. amoenolens were not detected
with our short markers. Moreover, the cost of metabarcoding can
remain high for a single inventory, and decreases only if several
samples are collected (e.g., Zinger et al., 2016). Finally, if wood-
decaying fungi are considered as good indicators, wood samples
could be used to detect their presence with metabarcoding (e.g.,
Ovaskainen et al., 2010), and therefore make more comparisons
with the existing literature on fungal diversity in ancient or
old-growth forests than our study based on soil sampling.

Our study focused on soil microorganism diversity patterns,
and revealed that both soil conditions and habitat coverage
in a landscape shaped fungal diversity in the forests of the
Cevennes National Park, and that bacterial communities were
only shaped by soil conditions. While results on fungi are
sometimes contradictory in the literature (Grilli et al., 2017),
we detected a common pattern for all fungal guilds, showing

how strong the effect of habitat coverage can be. Our results
provide a synthetic view and show the importance of conserving
any ancient forest patch, whatever its size, for soil biodiversity
conservation. These results are of interest for park management
but also for urban areas, where isolated patches of forest can
have persisted over time and host unique fungi communities
(Vogt-Schilb et al., 2018). Environmental sequencing could now
be applied to produce comprehensive soil inventories, and study
isolated systems, for example in urban areas or dry ecosystems,
where patches of forests are particularly threatened and fungi
could contribute to their functioning and connectivity, and even
resilience when facing climate change (Gilliam, 2016).
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