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Abstract

Flightless saproxylic beetles were selected in order to study the impact of temporal and spa-
tial discontinuity of forests. They were chosen because: (1) they are unable to fly, making
them dispersal-limited species, (2) they have a saproxylic diet, which means they are closely
linked to the forest, and (3), they have rarely been studied. Forest temporal continuity was
expected to be the main factor explaining the presence of these species, modulated by the
past and present amount of forest in the surrounding landscape. Twenty-seven forests, dis-
tributed into three zones, were sampled in southwestern France. Flightless saproxylic bee-
tles were surveyed using a Winkler extractor and a Berlese funnel. Their presence/absence
were modelled using generalised linear mixed models, with zone variable as random effect.
Two species showed significant zone effect and were only or more present in the zone with
the highest present forest amount in a 0.5 km radius. In the model that converged, the only
selected variable was the past amount of forest in the landscape. The size of the forest, the
presence of dead wood and the forest temporal continuity were not included in this model.
The importance of the amount of forest in the landscape supports the hypothesis that dis-
persal-limited species are affected by landscape characteristics. This study demonstrates
an important link between the presence of Dienerella clathrata and the amount of forest in
the past, which led to an indicator species analysis being performed.

Introduction

The temporal and spatial discontinuity of habitat in the landscape presents a major threat to
biodiversity [1-3]. Reduction in habitat (by habitat loss and fragmentation) is harmful for spe-
cies that are dependent on this habitat [4-6]. Habitat loss is a decrease in the habitat area
through is destruction [5]. Fragmentation is the separation of habitats although, the amount
remains the same [5]. The impacts of habitat loss and fragmentation differ between species or

PLOS ONE | https://doi.org/10.1371/journal.pone.0197847 May 17,2018

1/15


https://doi.org/10.1371/journal.pone.0197847
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197847&domain=pdf&date_stamp=2018-05-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197847&domain=pdf&date_stamp=2018-05-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197847&domain=pdf&date_stamp=2018-05-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197847&domain=pdf&date_stamp=2018-05-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197847&domain=pdf&date_stamp=2018-05-17
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0197847&domain=pdf&date_stamp=2018-05-17
https://doi.org/10.1371/journal.pone.0197847
https://doi.org/10.1371/journal.pone.0197847
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Forest fragments and flightless beetles

groups of species [5]. For specialist species living in only one habitat, in this case forests, habi-
tat loss and fragmentation have negative impact on species abundance [7,8]. Habitat loss has
greater negative impacts on biodiversity than fragmentation does [1,5].

Temporal discontinuity of forest habitats has been caused by past deforestation or afforesta-
tion event(s). Here, two types of forest were considered: continuous forest, i.e. an area in
which the forest habitat has been present for a long time, namely, ancient forests, and discon-
tinuous forest, i.e. an area that has been deforested or afforested in the past, namely recent for-
ests [9]. Differences in species composition have been reported in the two types of temporal
continuity, especially that of herbaceous species [10,11]. Depending to a certain extent on their
colonisation ability, species are able to recolonise newly afforested areas, i.e. recent forest, at
different speeds [12]. The resilience of species to temporal and/or spatial discontinuity there-
fore depends on their dispersal ability.

Flightless saproxylic litter beetles (FSLB) are species with dispersal limitation due to their
inability to fly and their small size (less than 5 mm). They are an optimal and original biologi-
cal model for studying the impact of human disturbance on dispersal-limited species in space
and over time.

FSLB differ from other known saproxylic beetles in three main aspects: (1) their motion, (2)
their phenology and adult lifespan and (3) the type of wood in which they develop.

FSLB are different from species that are able to fly because they have a morphological dis-
persal limitation [13]. Their small size (< 5 mm) also makes FSLB different from larger flight-
less saproxylic beetles such as Morimus asper (Sulzer, 1776), as their small legs mean they are
slower moving.

FSLB can be found at adult stage in the litter throughout the year. For most of the species,
there is no monthly difference in their abundance, other FSLB show variations in their abun-
dance but are always present [14]. Some of them have lived in their adult stage more than one
year in captivity [15]. These breeds and their phenology strongly suggest that these species
have an adult lifespan of one year (or more). In contrast, the majority of other saproxylic bee-
tles live at the adult stage for just few days or weeks, in warm weather [16].

In the literature, most of the studied saproxylic beetles develop in dead wood that has cer-
tain characteristics: it is large and/or at a certain stage of decomposition and/or abundant in
the stand [17-21]. In contrast, neither the quality nor quantity of dead wood can explain the
distribution of FSLB [21,22], suggesting that these species develop in thin branches, which is
consistent with their small size [20].

These three major points (motion, adult lifespan and diet) show how FSLB are different
from what is known about other saproxylic beetles. It may suggest that the presence of these
species presence could be driven by factors that differ from what is expected for saproxylic bee-
tles (especially the quantity and quality of dead wood), and thus, why the study of them is
important.

FSLB have been the subject of very few studies [21,23-25] and a sampling method dedicated
to this group has only recently been published [14].

Recent literature focusing on this group consists of two main articles that have different
results [23,24]. In [23], the author aimed “to test the frequency of relict species in relation to
historical and current woodland size”. Five Cryptorhynchinae and one Molytinae species were
studied, sampled by litter sieving in a highly fragmented landscape. Twenty-seven individuals
were collected exclusively in 15 ancient (out of 29) forests, or in areas adjacent to ancient for-
ests. The author concluded that these species are “relict species of an ancient woodlot in north
western Germany”. In [24], the study investigated the dependence on continuous forests in
ancient forests conditions. Seventy individuals of six species (Cryptorhynchinae and Molytinae)
were collected in a natural park, of which three were similar to those found in [23]. As some
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individuals were caught in recent but old-growth forest, Horak et al. concluded that flightless
saproxylic beetles “can reappear in secondary woodlands if [forests] reach their optimal
structure”.

In Buse’s study [23], FSLB appear unable to recolonise recent forests, whereas in the study
of Horak et al. [24], the same species are apparently able to recolonise such forests. One possi-
ble explanation for these contrasting results is the difference in the structure of the landscape
surrounding the surveyed forest. In the highly forested landscape studied by Horak et al. [24],
recolonization by FSLB may be easier than in Buse’s highly fragmented landscape. In other
words, the amount of forest in surrounding area may affect FSLB’s distribution pattern, as
already shown for other taxonomic groups [5,26,27].

In the present study, the species distribution of FSLB was investigated by combining the
effects of temporal and spatial discontinuity. The relative importance of forest area, forest tem-
poral continuity, current and past forest amounts in the landscape, on the presence/absence of
these dispersal limited species was assessed. It was expected that:

 FSLB are less present or absent in recent forests because of their limited dispersal [23].
« large forest are richer than smaller ones [28].

o the amount of dead wood is of only minor importance for these species, even if they are
saproxylic [21,22].

o the past and present relative amount of forest in the surrounding landscape has an effect on
the presence/absence of these species, since habitat amount is considered a major threat to
biodiversity, especially for dispersal limited species [5].

Thus, is was expected that the temporal continuity of the forest would be the main factor
explaining the presence of FSLB, modulated by past and present amounts of forest in the
landscape.

Material and methods
Study design

The study site is located in southwestern France [29,30], in the Long-Term Social-Ecological
Research (LTSER) platform “Vallées et Coteaux de Gascogne” (43°26°02.08”N; 1°05°12.33”E).
This high region (200-400 m) on the Pyrenees piedmont is about 60 km south-west of the city
of Toulouse. The climate is temperate, with oceanic and Mediterranean influences. It is a rural
landscape, consisting of cultivated fields and some grassland. Forest amount for around 20%
of the landscape, but is highly fragmented [27,31]. The most frequent tree species are sessile
oak (Quercus petraea Mattus) and pedunculate oak (Quercus robur L.). All the forests are oak
dominated and managed, mainly by coppicing with fine-scale logging events (< 1 ha).

The sampling plan in this study was based on two factors: the temporal continuity of the
forest and the current extent of the forest.

The temporal continuity of a forest describes the time since a given area was first classified
as a forest. In France, a historical map dating from 1850 enabled two types of forest to be
defined: ancient for a forest that existed in 1850 and recent for a forest in a place that was not
covered by a forest in 1850 and consequently appeared between 1850 and the present day [9].
For the ancient forest, the temporal continuity of the forest state between 1850 and 2010 was
verified using aerial photographs taken between 1942 and 1948. Since forest cover in France
has increased over the past two centuries, forest continuity was assumed for the studied period
if a forest was present on these three dates [9].
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Fig 1. Sampling plan: 27 forests were sampled in a highly fragmented region. Grey indicates forest in the landscape.

https://doi.org/10.1371/journal.pone.0197847.9001

Forests in the study region are usually small (average area of 4 ha) [31]. Two classes of forest
were considered: small forests (< 3 ha) and large forests (> 10 ha). A total of 27 forests were
sampled (Fig 1) and classified into three groups: 9 large ancient forests (> 10 ha, continuously
wooded since 1850), 9 small ancient forests (< 3 ha, continuously wooded since 1850) and 9
small recent forests (< 3 ha, constituted after 1850). There is no large recent forest in the study
area [31]. All the forest were privates and the owners gave permission for the study to be con-
ducted on their sites.

The forests sampled were distributed into three zones: east, west and south. The three zones
consisted of three groups of large ancient / small ancient / small recent forest.

Spatial, historical and structural characteristics of the forest samples

The map of recent forests came from the national topographic vector database (BDTopo) pro-
duced by France’s National Institute of Geographic and Forest Information (IGN). BDTopo is
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typically defined to make maps on a 1:25,000 scale. The forest layer in the study area date from
2010. This layer was used to estimate the current area of each forest [32].

The amount of forest habitat was considered by calculating the forest density in the area
surrounding each sampled forest (i.e. the percentage of forest cover including the focal forest)
[33]. This variable was computed on two spatial levels (within a 0.5 and a 1 km radius) and on
two dates (1850 and 2010). Forest within a radius of 0.5 km and 1 km from the centre of a sam-
pled stand were assumed to provide appropriate habitats for FSLB [34].

The temporal continuity of the forest (ancient vs. recent) and the extent of past forests were
derived from the French historical ’Etat Major’ colour map (scale 1:40,000) dating from the
middle of the 19 century [9,30,32]. The same spatial areas as those selected for the present
forests were used, i.e. areas with a radius of 0.5 and 1 km.

To assess the importance of available dead wood for the species in this study, three variables
were measured in three fixed-area plots within a 20 m radius located in a one hectare sample
area within the forests; this was the entomological sampling plot, in which the beetles were sur-
veyed. The three variables were: (1) the volume of standing dead trees (diameter at breast
height > 7.5 cm), (2) the volume of lying deadwood (diameter > 2.5 cm) using the line inter-
sect sampling (LIS) method [35] and (3) the number of tree species (i.e. taxonomic diversity).

Species survey

Beetles were sampled in the 27 forests in February 2014 using the litter sieving method [14,23,36].
In each sampled forest, one homogeneous hectare in the center of the forest was selected to consti-
tute the entomological sampling plot. In each plot, 10 trees representing the tree diversity were
selected by the same person and adjacent litter sieved using a Winkler sieve with a 5 mm mesh.
One litre of sieved litter was collected per tree, making ten litres per stand. The number of trees
sampled and the litter volume are sufficient to collect 97.2% of the FSLB present, even in rich sites
[14]. Arthropods were extracted from the litter using a Berlese extractor [14]. Species were sent to
a specialist for identification by morphological analysis. Only flightless (without wings or with
knitted elytra) saproxylic litter beetles were kept and included in the dataset.

Statistical analysis

Ecological differences between the three zones (east, west and south) were tested by means of
the Kruskal-Wallis test for each variable: Forest_amount 2010_0.5, Forest_amount 2010_1,
Forest_amount 1850_0.5, Forest_amount 1850_1, Area 2010, STW, CWD, ITS, Histo_conti-
nuity (Table 1).

Generalised linear models (GLM) were used to link the presence-absence of species and the
explanatory variables related to the forest characteristics. All the analyses were performed with
R software 3.1.0 [37], the “stats” package [37] and the Ime4 package [38]. Binomial distribution
was used to fit the models based on the presence-absence surveys. The spatial effect of the zone
was taken into account through the random effect in the model.

Since multicollinearity of predictors may inflate the variance of regression parameters,
checks were undertaken to verify that the variables were not highly correlated (| r| < 0.7;

[39]). The number of nodes in the quadrature formula chosen was 15. Marginal and condi-
tional R* were calculated. The variance of random effect was the main factor in model selec-
tion, then R? led to selection of the best model.

Two different models including the non-correlated spatial, historical and structural forest
variables were investigated (Table 1). The first was based on the forest habitat amount based
on the 0.5-km buffer radius (model 0.5) and the second was based on the 1 km buffer radius
(model 1.0). The two models were run for the four FSLB species recorded in this study and
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Table 1. GLM tested to explain the presence-absence of the four FSLB species recorded in a fragmented forest
landscape.
Explanatory variables Description

Model 0.5 with current area, past and present amount of habitat within a 0.5 km buffer radius, structural
heterogeneity variables and historical continuity

Model form: E(y) = Bo + B1+ Bz_o.s+ Bs_o.s+ Bat Bs+ Bt Br+(1|Bs)

Area 2010 By Present area of woodland (topographic database 2010) (ha)

Forest_amount B, o5 | Present forest amount in a zone with a 0.5 km radius (topographic database 2010)

2010_0.5 (%)

Forest_amount Bs o5 | Past forest amount in a zone with a 0.5 km radius (historical map of 1850) (%)

1850_0.5

STW By Volume of large standing deadwood per forest (m*/ha)

CWD Bs Volume of coarse woody debris per hectare (m*/ha)

ITS Bs Number of indigenous tree species per hectare

Histo_continuity B, Historical forest continuity over time (present in 1850 = ancient; recorded after
1850 = recent)

Zone (random effect) Bs Zone (south east or west) in which the forest is located

Model 1.0 with current area, past and present amount of habitat within a 1 km buffer radius, structural heterogeneity
variables and historical continuity

Model form: E(y) = Bo + B1+ Bo_1+ Bs_1+ Bat Bs+ Bst B7+(1|B8)
Area 2010 By Present area of woodland (topographic database 2010) (ha)

Forest_amount 2010_1 | B, ; | Present forest amount in a zone with a 1 km radius (topographic database 2010)
(%)

Forest_amount 1850_1 | B3 ; | Past forest amount in a buffer zone with a 1 km radius (historical map of 1850) (%)

STW Ba Volume of large standing deadwood per forest (m>/ha)

CWD Bs Volume of coarse woody debris per hectare (m°/ha)

ITS Bes Number of indigenous tree species per hectare

Histo_continuity By Historical forest continuity over time (present in 1850 = ancient; recorded after
1850 = recent)

Zone (random effect) Bs Zone (south east or west) in which the forest is located

https://doi.org/10.1371/journal.pone.0197847.t001

enough abundant (Acalles misellus, Anchonidium unguiculare, Dienerella clathrata and Lange-
landia anophtalma)

Results
Forest characteristics with their surrounding area

The forests investigated in this study are representative of small privately owned forests in
southwestern France, with a mean total dead wood volume of 24.33 m*/ha, a tree species rich-
ness of 3.44 per forest, and an area ranging from 0.7 to 82 ha (mean 10 ha). The proportion of
forest in the area surrounding the sampled forests was approximately 19%, demonstrating an
increase since 1850, when the proportion of forest was 16%.

High correlations ( | r | > 0.7) between variables were found for (1) the amount of ancient
forest within the 0.5 km buffer radius area with the one based on the 1-km radius and (2) the
amount of current forest for both areas. These correlations explain why two different models
were built. All the variables integrated in the models had a correlation < 0.7, as recommended.

Ecological differences between the three zones

There was no significant difference between the three zones for any of the tested variables at a
0.05 significance level (Kruskal Wallis test, p-value >0.05). At a 0.1 significance level, only the
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Fig 2. Forest amount in 2010 within a 0.5 km radius in the three zones.

https://doi.org/10.1371/journal.pone.0197847.9g002

Forest_amount 2010_0.5 showed significant differences between the zones, with a p-value of
0.067. The south’s zone had a larger amount of forest than the east an west zones (Fig 2).

Species distribution

Five species of FSLB were found (three Curculionidae, one Latridiidae and one Zoopheridae):
A. misellus, A. unguiculare, D. clathrata, L. anophtalma and Ruteria Hypocrita.

Since only one individual of R. Hypocrita was collected, no statistical analysis was carried
out on this species and it is disregarded in the rest of this paper.

Sixty-one A. misellus individuals were found in 10 of the sampled forests. Seven of these for-
ests were situated in the south zone, two in the east zone and one in the west zone. GLMM
showed a significant effect of the zone (Table 2, variance component of zone variable > 0).
The three forests in the east and west zones where the species was found have a forest amount
in 2010 with a 0.5 km radius above 19.2%, which was the seconds and the third highest values
for these zones. The species was present in six ancient forests and four recent forests.

One hundred and two A. unguiculare individuals were sampled in five forests. All of these
forests were in the south zone. GLMM showed a significant random effect of the zone
(Table 2, variance component of zone variable > 0). The species was found present in one
recent forest and four ancient forests.

One hundred and ninety-six D. clathrata individuals were sampled in 19 forests. The two
GLMM (at 0.5 or 1 km) showed no significant effect of the zone (Table 2, variance component
of zone variable = 0). The distribution of this species was only explained by model 1. In this
model, Forest_amount 1850_1 was the only significant variable. The selected model, consti-
tuted by Forest_amount 1850_1 and random effect of the zone, had a marginal and conditional
R? 0f 0.60 (Table 2).
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Table 2. Results of the GLMM; NA: Not applicable.

A.misellus

A.unguiculare

D.clathrata

L.anopthalma

Model 0.5

AIC

33.4

25.6

39.5

45.9

Fixed effect (estimate, with 95% confidence interval)

Intercept

-7.45

Area 2010

Forest_amount 2010_0.5

0.68

Forest_amount 1850_0.5

-0.41

STW

0.14

CWD

ITS

Histo_continuity

Random effect (variance component)

Zone

192,5

R® marginal

0.93

NA

NA

NA

R? conditional

0.93

NA

NA

NA

Model 1

AIC

42.7

27.0

34.5

43.2

Fixed effect (estimate, with 95% confidence interval)

Intercept

Area 2010

Forest_amount 2010_1

Forest_amount 1850_1

STW

CWD

ITS

Histo_continuity

Random effect (variance component)

Zone

1.41

367.7

R® marginal

NA

NA

0.60

NA

R? conditional

NA

NA

0.60

NA

https:/doi.org/10.1371/journal.pone.0197847.t002

With 13 individuals in seven forests, L. anophtalma was the least abundant species in this
study. The distribution of L. anophtalma could not be explained by the spatial, historical and
structural forest variables used. Neither model 1 nor model 0.5 had significant variable (with a
95% confidence interval)(Table 2).

Discussion

It was originally assumed that historical forest continuity was the main factor to explain the
presence of the FLSB, modulated by the amount of habitat in the surrounding landscape. This
hypothesis was not confirmed by the results of the present study. Historical forest continuity
was not selected in the model.

Species’ traits

A. misellus Boheman, 1844. [36] reports that this species has been trapped in the litter of several
ligneous European genera, including Buxus, Crataegus, Quercus, Betula, Tillia, Fagus and
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Abies. As the diet of all known Acalles sp. is saproxylic [36,40,41], it was assumed that A. misel-
lus is also saproxylic, and probably develops in thin branches like A. parvulus [41].

A. unguiculare (Aubé, 1850). The adult lives in stumps, moss and leaf litter [41]. This species
has a detritivorous diet and is considered to be a “facultative saproxylic” [40].

D. clathrata (Mannerheim, 1844). This species is saproxylic [42], as it has been reared on
dead Fagus branches [43].

L. anophtalma Aubé, 1842. This species is saproxylic but has been caught in very different
habitats, from coarse woody debris in forests to cellars [40,44].

None of these species were within the limit of their area of distribution and they were
caught in northern, southern, eastern and western areas of the studied forest[14,22].

The presence of species were poorly explained by dead wood resources and
area

According to the literature, the volume of dead wood does not appear to explain either the spe-
cies distribution or species richness of FSLB [21,22]. In line with the literature, the present
study showed that the volume of dead wood had no effect on the presence of D. clathrata. The
small size of the specie studied here led to the conclusion that they develop in thin branches or
roots [20], which is generally not a limiting factor in harvested forests, and may explain the
limited importance of the volume of available dead wood in the models.

The principle of island biogeography [28] led to expectations of higher species richness in
larger forested areas, especially because larger forests have a higher probability of comprising
diversified habitats [45]. With only five species, no analysis could be undertaken on species
richness. Individually, it was expected that the extent of the forest would play a positive role in
the presence of the species but in contrast to this hypothesis, the current area was not selected
in the model.

There are two hypotheses that could explain this result. First, if the species does develop in
thin branches and does not depend on a small number of particular tree species, then the
resources in the habitat may not be a limiting factor, even in a small harvested forest. This is
consistent with their limited dependence on dead wood resources mentioned above and in the
literature [21,22]. Secondly, it is possible that the range of forest area was not sufficient to be
able to evaluate its impact on species (maximum 82 ha).

The amount of forest habitat in the surrounding area makes an important
contribution to the species’ presence

Some studies have already shown that the occurrence of dispersal-limited species, such as her-
baceous species, is determined by current but also past landscape composition [46,47]. To the
best of the authors’ knowledge, the impact of forest amount on FSLB has only been taken into
account in a highly forested landscape and no effect identified [21]. In the present study, past
habitat amounts in the surrounding landscape were the only variables explaining the presence
of D. clathrata.

The presence of A. misellus and A. unguiculare was significantly different in the three zones.
A. misellus was found more in the south zone and A. unguiculare was only found in this zone,
whereas these species are not within the limit of their area of distribution. The only variable
that was significantly different between these zones was the forest amount at 0.5 km in 2010,
which was higher in the south zone. Currently, the only explanation for the distribution of
these two species is that they would at least be dependent on a high forest amount around the
forest sampled. The presence of A. misellus in the west and east zone was in accordance with
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Fig 3. Comparison between the observed and predicted distribution of D. clathrata (model 1.0).
https://doi.org/10.1371/journal.pone.0197847.9003

this explanation since the forests where the species were present had high forest amount in
2010 within 0.5 km radius.

The importance of past and current forest amounts in the surrounding area is in contrast with
the recent results of [21], in which no impact of forest amount on FSLB was reported. This could
be explained by: (1) the differences in species, even if they are all FSLB, and (2) the difference in
forest amount surrounding the sampled plots. The study of [21] was conducted in a highly for-
ested zone in the French Alps. In the present study, the landscape was a highly fragmented agri-
cultural plain. The authors believe that the difference in the amount of forest in the landscape
(63% vs. 19% in the present study) could explain the differences between the two studies: as the
amount of forest in a landscape decreases, this factor becomes increasingly limiting.

The importance of landscape variables in D. clathrata‘s selected model and the explanation
of the presence of A.misellus and A. unguiculare supported the hypothesis that dispersal-lim-
ited species are affected by the forest amount in the surrounding area (past and current)
[46,47], especially when the landscape is very fragmented.

The distribution of species appeared to be independent of forest temporal
continuity
In highly forested landscapes, flightless saproxylic beetles appear to be able to recolonise recent

forest [21,24]. In contrast, in highly fragmented landscapes such as those in north-west Ger-
many, this group of species was reported to be present in ancient forest only [23].
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The landscape in the present study was very fragmented, which is why temporal continuity
was expected to be the main factor explaining species distribution. In contrast to this hypothe-
sis, however, this variable was not selected in D. clathrata’s model (Table 2) and A. unguiculare
and A. misellus were present in ancient and recent forest.

The absence of the selection of temporal continuity in the models could be explained by the
fact that 1850 may not be a determining date for these species. In order to really be able to con-
firm this hypothesis, other periods before and after 1850 would need to be tested.

D. clathrata: An indicator of past amount of forest in the landscape?

The D. clathrata distribution model took only one variable into account to explain the pres-
ence of a species (R* = 0.60 Table 2). This species was absent in all the forests that had less than
5% forest habitat in their surrounding area in 1850, whereas the species was always present in
forests that had more than 15% (Fig 3). The sigmoidal trend of the species distribution in Fig 2
suggests that the current presence of D. clathrata in one forest may be an indicator of the past
amount of habitat in the surrounding of the forest concerned.

The potential indicator value of this species was tested with INDVAL [48]. Two groups of
forests were defined: one in which the past amount of forest in the surrounding area was less
than 15%, and the other where it was more than 15%. The indicator value of D. clathrata for
the group >15% was 72.6% (9999 permutations, p-value = 0.0013). This value was composed
of a fidelity value of 1 and a specificity value of 0.726. The threshold currently used to deter-
mine an indicator species is 25% [48,49]. With an INDVAL of 72.6%, D. clathrata may be con-
sidered to be an indicator species of forest amounts greater than 15% in 1850 in south-west
France. To confirm this finding, additional studies should be carried out on this species and
on the Dienerella genus. It is interesting to note that the threshold of 15% of forest in the land-
scape is close to the 20% to 30% of suitable habitat needed to maintain species [5].

Species diversity in a highly fragmented landscape

At least 13 species of FSLB are present in the Grésigne forest, a biodiversity hotspot in south-
west France [14]. As the Grésigne forest is located 100 km from the present study site and
contains the same tree species, the 13 species of FLSB are considered to represent a potential
pool for the species in the present study. However, only five species have been caught here to
date.

In contrast to the Grésigne forest, the landscape in the present study area has been inten-
sively deforested and fragmented for several centuries [31,50]. This major difference in human
impact could explain the difference in species diversity between the biodiversity hotspot and
the present study area. It is therefore possible that the five species remaining in this highly
impacted landscape are the most mobile and resilient and/or whose diet does not depend on
too limited a habitat.

Flightless species: A different model of saproxylic beetles

The distribution of flying and/or large saproxylic beetle species is mainly driven by dead wood
resources [18,21]. In a fragmented context, temporal continuity can also explain their diversity
[30]. In this study and others [21,22,51], however, FSLB appeared not to be influenced at all
(or only very slightly) by these parameters (dead wood resources and temporal continuity).
FSLB therefore constitute a different biological model about which there is a considerable lack
of knowledge and on which more studies need to be undertaken.
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Conclusions

The distribution of flightless saproxylic beetles was studied in a highly fragmented landscape.
Past and current forest amount variables were shown or were assumed to play a greater role in
the species distribution models than forest variables. Very few studies have been conducted to
date to understand the distribution pattern of FSLB, yet this study underlines the potential
interest of these species. Their presence on two dates was explored in a very fragmented land-
scape in which residual fauna are quite rare. More studies of the different taxa on other dates
are needed in order to evaluate the impact of past landscape characteristics and to adapt future
landscape management accordingly [27,46,47].

Species that are considered to be dispersal-limited such as herbaceous or flightless insects,
thus appear to be more greatly influenced by the landscape characteristic than the forest char-
acteristic [46,47]. This leads to the question of whether the way in which dispersal limitation is
viewed is correct and weither the species can compensate for certain morphological contraints
in order to disperse correctly. What kind of corridor do they use? Are they able to pass through
or live in hedges? How long can an individual survive or how many generations can survive in
isolated trees?

Acknowledgments

The authors are grateful to A. Brin, C. Bouget and M. Deconchat for their helpful comments
during the project, to O. Courtin for the species identification, to N. Defarge for his work in
the field and it the laboratory and to R. Carrié and M. Goulard for their helpful comments dur-
ing the analyses. We thank D. Goodfellow and Claire Tarring for corrections to the English.
This research was funded by the Midi-Pyrenees Region and the Ecole d’Ingénieur de Purpan.

Author Contributions

Conceptualization: Eugénie Cateau, Sylvie Ladet, Hervé Brustel.
Formal analysis: Eugénie Cateau, Pierre-Alexis Herrault, David Sheeren.
Funding acquisition: Eugénie Cateau, Hervé Brustel.
Investigation: Eugénie Cateau.

Methodology: Eugénie Cateau, Pierre-Alexis Herrault, Sylvie Ladet.
Project administration: Hervé Brustel.

Software: Pierre- Alexis Herrault, David Sheeren, Sylvie Ladet.
Supervision: Hervé Brustel.

Validation: David Sheeren, Hervé Brustel.

Writing - original draft: Eugénie Cateau.

Writing - review & editing: Eugénie Cateau, Pierre-Alexis Herrault, David Sheeren, Sylvie
Ladet, Hervé Brustel.

References

1. Foley JA. Global consequences of land use. Science (80-). 2005; 309: 570-574. https://doi.org/10.
1126/science. 1111772 PMID: 16040698

2. Hermy M, Verheyen K. Legacies of the past in the present-day forest biodiversity: a review of past land-
use effects on forest plant species composition and diversity. Ecol Res. 2007; 22: 361-371. https://doi.
org/10.1007/s11284-007-0354-3

PLOS ONE | https://doi.org/10.1371/journal.pone.0197847 May 17,2018 12/15


https://doi.org/10.1126/science.1111772
https://doi.org/10.1126/science.1111772
http://www.ncbi.nlm.nih.gov/pubmed/16040698
https://doi.org/10.1007/s11284-007-0354-3
https://doi.org/10.1007/s11284-007-0354-3
https://doi.org/10.1371/journal.pone.0197847

@° PLOS | ONE

Forest fragments and flightless beetles

10.

11.

12

13.

14.

15.
16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Goldberg E, Kirby K, Hall J, Latham J. The ancient woodland concept as a practical conservation tool in
Great Britain. J Nat Conserv. 2007; 15: 109—119. https://doi.org/10.1016/j.jnc.2007.04.001

Bosso L, Rebelo H, Garonna AP, Russo D. Modelling geographic distribution and detecting conserva-
tion gaps in Italy for the threatened beetle Rosalia alpina. J Nat Conserv. 2013; 21: 72-80. https://doi.
org/10.1016/}.jnc.2012.10.003

Fahrig L. Effects of Habitat Fragmentation on Biodiversity. Annu Rev Ecol Syst. 2003; 34: 487-515.
https://doi.org/10.1146/132419.ecolys.34011802.132419

Russo D, Cistrone L, Garonna AP. Habitat selection by the highly endangered long-horned beetle
Rosalia alpina in Southern Europe: A multiple spatial scale assessment. J Insect Conserv. 2011; 15:
685—-693. https://doi.org/10.1007/s10841-010-9366-3

Victorsson J, Jonsell M. Ecological traps and habitat loss, stump extraction and its effects on saproxylic
beetles. For Ecol Manage. Elsevier B.V.; 2013; 290: 22—29. https://doi.org/10.1016/j.foreco.2012.06.
057

Rossi De Gasperis S, Passacantilli C, Redolfi De Zan L, Carpaneto GM. Overwintering ability and habi-
tat preference of Morimus asper: a two-year mark-recapture study with implications for conservation
and forest management. J Insect Conserv. Springer International Publishing; 2016; 5: 821-835. https://
doi.org/10.1007/s10841-016-9913-7

Cateau E, Larrieu L, Vallauri D, Savoie J-M, Touroult J, Brustel H. Ancienneté et maturité: deux qualités
complémentaires d’un écosystéme forestier. C R Biol. 2015; 338: 58—73. https://doi.org/10.1016/j.crvi.
2014.10.004 PMID: 25455000

Hermy M, Honnay O, Firbank L, Grashof-Bokdam C, Lawesson JE. An ecological comparison between
ancient and other forest plant species of Europe, and the implications for forest conservation. Biol Con-
serv. 1999; 91: 9-22.

Dupouey JL, Sciama D, Dambrine E, Rameau JC. La végétation des foréts anciennes. Rev For fran-
caise. 2002; LIV: 521-532.

Flinn KM, Vellend M. Recovery of Forest Plant Communities in Post-Agricultural Landscapes. Front
Ecol Environ. 2005; 3: 243-250.

Noss RF. Assessing and monitoring forest biodiversity: A suggested framework and indicators. For
Ecol Manage. 1999; 115: 135—-146. https://doi.org/10.1016/S0378-1127(98)00394-6

Cateau E, Courtin O, Brustel H. How and when should flightless, saproxylic, litter-dwelling coleoptera
be surveyed? Insect Conserv Divers. 2016; 9: 282—-289. https://doi.org/10.1111/icad.12165

Dajoz R. Coléopteéres: colydiidae et anommatidae paléarctiques. Paris: Masson; 1977.

Stokland JN, Siitonen J, Jonsson B. Biodiversity in dead wood. Cambrige: Cambridge university press;
2012.

Gossner MM, Lachat T, Brunet J, Isacsson G, Bouget C, Brustel H, et al. Current near-to-nature forest
management effects on functional trait composition of saproxylic beetles in beech forests. Conserv Biol.
2013; 27: 605—14. https://doi.org/10.1111/cobi. 12023 PMID: 23432190

Muiller J, Butler R. A review of habitat thresholds for dead wood: a baseline for management recommen-
dations in European forests. Eur J For Res. 2010; 129: 981-992. https://doi.org/10.1007/s10342-010-
0400-5

Muiller J, Noss RF, Bussler H, Brandl R. Learning from a “benign neglect strategy” in a national park:
Response of saproxylic beetles to dead wood accumulation. Biol Conserv. 2010; 143: 2559—2569.
https://doi.org/10.1016/j.biocon.2010.06.024

Brin A, Bouget C, Brustel H, Jactel H. Diameter of downed woody debris does matter for saproxylic bee-
tle assemblages in temperate oak and pine forests. J Insect Conserv. 2011; 15: 653—-669. https://doi.
org/10.1007/s10841-010-9364-5

Janssen P, Cateau E, Fuhr M, Nusillard B, Brustel H, Bouget C. Are biodiversity patterns of saproxylic
beetles shaped by habitat limitation or dispersal limitation? A case study in unfragmented montane for-
ests. Biodivers Conserv. 2016; 25: 1167—-1185. https://doi.org/10.1007/s10531-016-1116-8

Cateau E, Verneuil B, Savoie J-M, Brustel H. Influence de I'exploitation forestiére sur les coléoptéres
saproxyliques apteres de litiere. Rev d’Ecologie (Terre Vie). 2016; 71: 59-67.

Buse J. “Ghosts of the past”: flightless saproxylic weevils (Coleoptera: Curculionidae) are relict species
in ancient woodlands. J Insect Conserv. 2012; 16: 93—102. https://doi.org/10.1007/s10841-011-9396-5

Horak J, Vodka S, Pavligek J, Boza P. Unexpected visitors: flightless beetles in window traps. J Insect
Conserv. 2013; 17: 441-449. https://doi.org/10.1007/s10841-012-9526-8

Bijlsma R, Dorland G, Bal D, Janssen J. Oude bossen en oude bosgroeiplaatsen: een referentie voor
het karteren van de habitattypen beuken-eikenbossen met hulst en oude eikenbossen. Wageningen;
2010.

PLOS ONE | https://doi.org/10.1371/journal.pone.0197847 May 17,2018 13/15


https://doi.org/10.1016/j.jnc.2007.04.001
https://doi.org/10.1016/j.jnc.2012.10.003
https://doi.org/10.1016/j.jnc.2012.10.003
https://doi.org/10.1146/132419.ecolys.34011802.132419
https://doi.org/10.1007/s10841-010-9366-3
https://doi.org/10.1016/j.foreco.2012.06.057
https://doi.org/10.1016/j.foreco.2012.06.057
https://doi.org/10.1007/s10841-016-9913-7
https://doi.org/10.1007/s10841-016-9913-7
https://doi.org/10.1016/j.crvi.2014.10.004
https://doi.org/10.1016/j.crvi.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25455000
https://doi.org/10.1016/S0378-1127(98)00394-6
https://doi.org/10.1111/icad.12165
https://doi.org/10.1111/cobi.12023
http://www.ncbi.nlm.nih.gov/pubmed/23432190
https://doi.org/10.1007/s10342-010-0400-5
https://doi.org/10.1007/s10342-010-0400-5
https://doi.org/10.1016/j.biocon.2010.06.024
https://doi.org/10.1007/s10841-010-9364-5
https://doi.org/10.1007/s10841-010-9364-5
https://doi.org/10.1007/s10531-016-1116-8
https://doi.org/10.1007/s10841-011-9396-5
https://doi.org/10.1007/s10841-012-9526-8
https://doi.org/10.1371/journal.pone.0197847

@° PLOS | ONE

Forest fragments and flightless beetles

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

4.

42,

43.

44.

45.

46.

47.

48.

Metzger JP, Martensen AC, Dixo M, Bernacci LC, Ribeiro MC, Teixeira AMG, et al. Time-lag in biologi-
cal responses to landscape changes in a highly dynamic Atlantic forest region. Biol Conserv. Elsevier
Ltd; 2009; 142: 1166—1177. https://doi.org/10.1016/j.biocon.2009.01.033

Herrault P-A, Larrieu L, Cordier S, Gimmi U, Lachat T, Ouin A, et al. Combined effects of area, connec-
tivity, history and structural heterogeneity of woodlands on the species richness of hoverflies (Diptera:
Syrphidae). Landsc Ecol. Springer Netherlands; 2015; 31: 877-893. https://doi.org/10.1007/s10980-
015-0304-3

Mac Arthur RH, Wilson EO. The Theory of Island Biogeography. Princeton. 1967.

Archaux F, Bergés L, Dupouey J, Sevrin E, Barres D. Dispersion et persistance de la biodiversité dans
la trame forestiere (DISTRAFOR)—Rapport final. 2014.

Brin A, Valladares L, Ladet S, Bouget C. Effects of forest continuity on flying saproxylic beetle assem-
blages in small woodlots embedded in agricultural landscapes. Biodivers Conserv. Springer Nether-
lands; 2016; 25: 587-602. https://doi.org/10.1007/s10531-016-1076-z

Andrieu E, Ladet S, Heintz W, Deconchat M. History and spatial complexity of deforestation and logging
in small private forests. Landsc Urban Plan. 2011; 103: 109-117. https://doi.org/10.1016/j.landurbplan.
2011.06.005

Ladet S, Lopez J, Grel A, Valladares L, Brin A. Cartographie historique: outil clé pour caractériser la
continuité temporelle. Application a des travaux en écologie forestiére. Conférence internationale de
géomatique et d’analyse spatiale. Brest; 2013. pp. 139-154.

Tischendorf L, Bender DJ, Fahrig L. Using patch isolation metrics to predict animal movement in binary
landscapes. Landsc Ecol. 2003; 18: 41-50.

Franc N, Gotmark F, Okland B, Norden B, Paltto H. Factors and scales potentially important for
saproxylic beetles in temperate mixed oak forest. Biol Conserv. 2007; 135: 86-98. https://doi.org/10.
1016/j.biocon.2006.09.021

Marshall PL, Davis G, Lemay VM. Using line Intersect sampling for coarse woody debris. In Ecology F.
R.T. Report. Vancouver Forest Fegion; 2000.

Heijerman T. The weevil genera Acalles, Ruteria and Kyklioacalles in the Netherlands (Coleoptera: Cur-
culionidae). Ned Faun Meded. 2004; 61-78.

R Core Team. R: A language and environment for statistical computing. Vienna, Austria; 2013.

Bates D, Machler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using {Ime4}. J Stat
Softw. 2015; 67: 1-48.

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G, et al. Collinearity: A review of methods
to deal with it and a simulation study evaluating their performance. Ecography (Cop). 2013; 36: 027—
046. https://doi.org/10.1111/j.1600-0587.2012.07348.x

Galibert H. Dix-huit années de chasse aux coléoptéres dans le bassin de '’Agout (Tarn). Catalogue des
especes recueillies pendant cette période avec préface de J. Sainte-Claire Deville. Bull Soc Hist Nat
Toulouse. Bull. Soc. 1932; 63: 27-477.

Hoffmann A, Tempére G, Péricart J. Faune de France, troisieme partie: Coléoptéres curculionides.
Paul Leche. Paris, France; 1958.

Moretti M, Duelli P, Obrist MK. Biodiversity and resilience of arthropod communities after fire distur-
bance in temperate forests. Oecologia. 2006; 149: 312—327. hitps://doi.org/10.1007/s00442-006-0450-
z PMID: 16804704

Leather SR, Baumgart E a., Evans HF, Quicke DLJ. Seeing the trees for the wood—beech (Fagus syl-
vatica) decay fungal volatiles influence the structure of saproxylic beetle communities. Insect Conserv
Divers. 2014; 7: 314-326. https://doi.org/10.1111/icad.12055

Orousset J. Inventaire des Coléoptéres endogés de Ile-de-France. Le coléoptériste. 2012; 15: 173—
198.

Kraus D, Krumm F. Integrative approaches as an opportunity for the conservation of forest biodiversity.
European Forest Institute, editor. 2013.

Avon C, Bergés L, Dupouey J-L. Landscape effects on plants in forests: Large-scale context determines
local plant response. Landsc Urban Plan. 2015; 144: 65—73. https://doi.org/10.1016/j.landurbplan.2015.
07.016

Bergés L, Avon C, Arnaudet L, Archaux F, Chauchard S, Dupouey JL. Past landscape explains forest
periphery-to-core gradient of understorey plant communities in a reforestation context. Divers Distrib.
2016; 22: 3—16. https://doi.org/10.1111/ddi.12384

Dufréne M, Legendre P. Species assemblages and indicator species: the need for a flexible asymmetri-
cal approach. Ecological Monographs. 1997. pp. 345-366.

PLOS ONE | https://doi.org/10.1371/journal.pone.0197847 May 17,2018 14/15


https://doi.org/10.1016/j.biocon.2009.01.033
https://doi.org/10.1007/s10980-015-0304-3
https://doi.org/10.1007/s10980-015-0304-3
https://doi.org/10.1007/s10531-016-1076-z
https://doi.org/10.1016/j.landurbplan.2011.06.005
https://doi.org/10.1016/j.landurbplan.2011.06.005
https://doi.org/10.1016/j.biocon.2006.09.021
https://doi.org/10.1016/j.biocon.2006.09.021
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1007/s00442-006-0450-z
https://doi.org/10.1007/s00442-006-0450-z
http://www.ncbi.nlm.nih.gov/pubmed/16804704
https://doi.org/10.1111/icad.12055
https://doi.org/10.1016/j.landurbplan.2015.07.016
https://doi.org/10.1016/j.landurbplan.2015.07.016
https://doi.org/10.1111/ddi.12384
https://doi.org/10.1371/journal.pone.0197847

o @
@ : PLOS | ONE Forest fragments and flightless beetles

49. Lassauce A, Larrieu L, Paillet Y, Lieutier F, Bouget C. The effects of forest age on saproxylic beetle bio-
diversity: implications of shortened and extended rotation lengths in a French oak high forest. Leather
SR, Quicke D, editors. Insect Conserv Divers. 2012; 6: 396—410. https://doi.org/10.1111/j.1752-4598.
2012.00214.x The

50. Ducasse J, Brustel H. «Ah, cette grésigne!»: de Rabil a8 Natura 2000. Rev For Francaise. 2008; LX:
345-362.

51. Janssen P, Fuhr M, Cateau E, Nusillard B, Bouget C. Forest continuity acts congruently with stand
maturity in structuring the functional composition of saproxylic beetles. Biol Conserv. 2017; 205: 1-10.
https://doi.org/10.1016/j.biocon.2016.11.021

PLOS ONE | https://doi.org/10.1371/journal.pone.0197847 May 17,2018 15/15


https://doi.org/10.1111/j.1752-4598.2012.00214.x
https://doi.org/10.1111/j.1752-4598.2012.00214.x
https://doi.org/10.1016/j.biocon.2016.11.021
https://doi.org/10.1371/journal.pone.0197847

