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Abstract Ancient forests are of considerable interest for strategies for biodiversity
conservation. However, in European forest landscapes fragmented and harvested for a long
time forest continuity might be no longer a key driver for flying organisms such as
saproxylic beetles. In a study based on paired samples (n = 60 stands, p = 180 traps) of
ancient and recent forests, we investigated the effects of forest continuity on saproxylic
beetle assemblages in two French regions. Mean species richness was significantly related
with deadwood volume in ancient forests, but not in recent forests. This loss of relationship
between assemblages and their environment suggests that dispersal limitation is at work, at
least for some species. Forest continuity had a significant effect on mean species richness
and on the mean number of common species, but not on rare species. Forest continuity had
a significant effect on assemblage composition in one out of the four cases tested. In both
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regions, we identified species associated with either recent or ancient forests. Finally, mean
body size of species was significantly smaller in recent forests compared with ancient ones,
as was their tree diameter preference, despite a higher volume of large deadwood in recent
forests. These results lend support to using forest continuity as a criterion to identify sites
of conservation importance, even in highly fragmented landscapes.

Keywords Ancientness - Deadwood - Coleoptera - Fragmentation

Introduction

Ancient forests are considered to be “hotspots” or refuges in many strategies for biodi-
versity conservation (Goldberg et al. 2007; Hermy and Verheyen 2007; Lachat and Butler
2009; Patru-Stupariu et al. 2013). Here is important to point out that the concept of ancient
forest refers only to the temporal continuity of the forest cover regardless of human
disturbances (Cateau et al. 2015). Given their continuous tree cover for several centuries
(i.e. forest continuity), ancient forests may harbor higher levels of biodiversity, or at least
specific assemblages (Cateau et al. 2015). This has been well documented for vascular
plants, and to lesser extent for other groups such as bryophytes or invertebrates (Norden
et al. 2014). For deadwood-dependant (named after “saproxylic”) species, continuity of
deadwood supply is assumed to be more important for species persistence than current
deadwood amounts (Simild et al. 2003; Sverdrup-Thygeson et al. 2014). Though some
saproxylic species have been suggested as bio-indicators of ecological continuity
(Alexander, 2004; Miiller et al. 2005; Norden and Appelqvist 2001), this assumption has
not been tested. Indeed, there are very few references concerning the effect of continuity
per se on saproxylic beetles (Bouget et al. 2014a; Buse 2011; Gossner et al. 2008; Horak
et al. 2013; Irmler et al. 2010). Most of the times, the effects of continuity are confounded
with the effects of habitat quality (i.e. old-growth attributes for saproxylic species) (Grove
2002; Siitonen and Saaristo 2000; Nilsson and Baranowski 1997).

Studying the effects of continuity is challenging since the effects of dispersal limitation
(continuity effects per se) must be disentangled from habitat limitations (Norden et al.
2014). In recent forests (i.e. disturbed habitats), if dispersal limitation is still at work, the
community is dominated by good dispersers. The relationship between habitat attributes
and assemblages might then be weakened as only a fraction of the community is present.
This pattern has been observed for plants by Vellend et al. (2007). For saproxylic species
the prediction could be translate into the loss of the relationship between deadwood amount
and species richness for example.

In the two existing studies on the effects of forest continuity on saproxylic beetle
assemblages, habitat quality (i.e. deadwood amount or diversity) was either not estimated
(Irmler et al. 2010) or investigations were restricted to young stands in recent forests
adjacent to ancient forests (Gossner et al. 2008). Understanding the importance of conti-
nuity for the occurrence of saproxylic beetles remains a research challenge (Norden et al.
2014; Stokland et al. 2012; Sverdrup-Thygeson et al. 2014) with implication in biodi-
versity conservation policies.

The long history of forest fragmentation and exploitation in most European landscapes
offers the opportunity to explore the effects of continuity per se and to challenge the
concept of “ancient forest” as a relevant criterion for saproxylic species conservation
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policies. Indeed, in those landscapes, less mobile and more specialized species have
declined due to fragmentation and exploitation (Vandekerkhove et al. 2011). And, due to
exploitation, most of ancient forests are not mature or old-growth forests (Cateau et al.
2015). Despite evidence for a time lag between habitat modification and species extirpa-
tion, Kuussaari et al. (2009) suggested that the extinction debt may have already been paid
off in landscapes with small, isolated patches. For patches of small size and isolated for a
long time, forest continuity might be no longer a key driver for saproxylic beetles
assemblages. The concept of maturity that refers to the stage of natural development of a
stand (Cateau et al. 2015) would then be more interesting for biodiversity conservation
policies in highly and long-standing fragmented landscapes.

Using species traits to characterize communities provides interesting insights into the
processes that are at work (Gossner et al. 2013; Pausas and Verda 2010). This approach
bypasses the analytical problems related to a single-species approach, which suffers from
insufficient data for modeling. Preferences for deadwood diameter and decay stages are
two interesting life traits to take into account when investigating the effects of forest
continuity on saproxylic beetle assemblages. Indeed, following the habitat templet
hypothesis (Southwood 1977), species associated with long-lasting microhabitats (i.e. large
logs and/or late decay stages) are likely to be poor dispersers. Whereas species associated
with ephemeral habitats (branches and/or early decay stages) should be better dispersers
and therefore less affected by local continuity (Norden et al. 2014). For saproxylic species,
Nilsson and Baranowski (1997) provided some evidence for a lower dispersal ability of
species living in stable microhabitat (hollow trees) compare with species living in more
ephemeral microhabitat (standing or lying dead trees). Southwood (1977) also highlighted
the importance of spatial heterogeneity of habitat distribution in shaping the ecological
strategies of species. A negative effect of the reduction of habitat availability on dispersal
rate has been showed by simulation work (Travis and Dytham 1999). Species inhabiting
small-diameter deadwood are generally the smallest in size (Brin et al. 2011). As the
diameter preference of most saproxylic beetle species is not precisely known, body size can
be used as a proxy for this preference (Seibold et al. 2015). Body size may also be a
predictor of fragmentation sensitivity (Henle et al. 2004). Lower abundance and rate of
recovery of larger species make them more prone to extinction following fragmentation
(Cotgreave 1993; Lawton 1994). But this tendency may be offset by the negative corre-
lation and population fluctuation (Pimm 1991).

Assemblages can be characterized not only by the mean value of several traits but also
by the degree of similarity among species regarding each trait (Pausas and Verdi 2010). By
comparing the observed distribution of species trait values to the distribution of trait values
in the available species pool, we can detect patterns of over-dispersion, random or clus-
tered trait values suggesting respectively three mechanisms: competition, random or
habitat filtering effects (Pausas and Verdd 2010). For clustering patterns, the deviation
from random community composition can help evaluate the importance of habitat filtering
effect. In line with the hypothesis of weaker species-environment relationships in recent
forests, we would expect a lower, if any, habitat filtering effect in recent than in ancient
forests.

Landscape connectivity or landscape continuity may compensate for local discontinuity
(Inclan et al. 2014; Norden et al. 2014; Rosch et al. 2013). Indeed, mobile species like
flying insects easily recolonize new habitat patches as soon as they become suitable. It is
therefore important to control for landscape connectivity when we want to compare ancient
and recent forests. Using a sampling design with paired samples of ancient and recent
forests replicated in two regions, we investigated the effects of forest continuity on
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assemblages of flying saproxylic beetles. More specifically, we tested the following
hypotheses:

— Due to the weakening of the species-environment relationships caused by dispersal
limitation local amount of deadwood should only be a good predictor of species
richness in ancient forests.

— Forest continuity should have an effect on assemblage composition due to differences
in colonization ability of species.

— In recent forests compared with ancient forests, species should be smaller and mostly
associated with small-diameter deadwood and early decay stages.

— Due to weaker species-environment relationships in recent forests, the habitat filtering
effect, if any, should be less important in those forests.

Materials and methods
Study areas and sampling design

Fragmented woodlots were selected in two 30 x 40 km agricultural landscapes, one
located in Northern France (Gatinais-Puisaye, names hereafter “Gatinais”) and one in
South-Western France (Gascogne) (Fig. 1). In each region, we selected 15 pairs of
woodlots (mean area of 3 ha), separated by a mean distance of 1000 m. Sites were selected
in a twostep process: by using GIS we first identified paired sites made of 1 recent and 1
ancient forest, similar in size (3 ha on average) and not too convoluted in shape, with a
maximum distance of 1.5 km between them. We then checked for the tree species com-
position by simple visual inspection of each stand in the field so as to include only oak-
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Fig. 1 Location of study regions and study sites (filled black triangle: ancient forests, +: recent forests)
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dominated stands in our samples as this is the predominant forest formation in our study
regions. We also limited variations in topography, soil conditions and mean stand age in a
very narrow range, and excluded the recently harvested woodlots. The first step gave us
about 20 pairs of sites in Gascogne, and 29 pairs of sites in Gatinais. We stopped the
second step once we had reached our goal of 15 pairs of site within each region.

Ancient forests are those present on the “Map on France”, a military map drawn in the
middle of the nineteenth century (Dupouey et al. 2007) at the moment when forest cover in
France reached its lowest level in the last two millennia. By definition, ancient forests are
those which have been established for at least 200 years, i.e. their existence was already
attested in the middle of the nineteenth century on state maps. Recent forests were iden-
tified from digitalized maps based on aerial photographs taken in 2010 by the National
Institute of Geographic and Forest Information (© IGN-BD Topo® edition 2010) and
defined as those created by natural succession on former agricultural land, i.e. these sites
had not yet been transformed into forests in the middle of the nineteenth century.

All the sites are managed, mainly by coppicing with standards with fine-scaled logging
events (<1 ha) (De Warnaffe et al. 2006; Andrieu et al. 2011).

Beetle sampling

Flying saproxylic beetles were captured in alcohol-baited cross-pane flight interception
traps (polytrap ™). Three of such traps were set out in each woodland at least 30 m apart.
The traps were suspended roughly 1.5 m above the ground, and specimens were collected
from April to July in 2012.

All saproxylic beetles were identified to the species level following the nomenclature of
the Fauna Europaea Web Service (de Jong et al. 2014). They were assigned to a trophic
group according to the nomenclature proposed by Bouget et al. (2005).

Commonness and rarity were defined using the species patrimoniality values (= IP)
defined in Bouget et al. (2010) with a four-level scale. The geographic scale under con-
sideration for distribution is the French metropolitan territory. As we had only one “very
rare” species, we used a simplified classification. The category “common” species com-
bines the classes IP1 (common and widely distributed species) and IP2 (not abundant but
widely distributed species, or only locally abundant species). Species that are not abundant
and only locally distributed (IP3) and those known in less than 5 localities or in a single
“county” in France (IP4) were classified as “rare” species.

Environmental data

Deadwood was measured around each trap during spring 2012. Downed woody debris was
quantified using the Line Intersect Sampling (LIS) method (De Vries 1973; Marshall et al.
2000). Pieces with a diameter of at least 2.5 cm were assessed along two perpendicular
transects of 50 m each.

All snags and dead trees with a diameter at breast height (dbh) greater than 7.5 cm were
measured in a circular plot with a 20 m radius (giving a 1256 m* area). We only measured
the dbh for trees and snags higher than 4 m; for shorter trees, the diameter was taken at mid
height.

Stumps were quantified in three circular sub-plots whose radii varied depending on
stump’s diameter: 6-m-radius plots (giving a 113 m” area) for stumps with diameters from
7.5 to 12.5 cm, 10-m-radius plots (giving a 314 m? area) for stumps with a diameter
between 12.5 and 22.5 cm, and 20-m-radius plots (giving a 1256 m? area) for stumps with
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diameters greater than 22.5 cm. We followed the same sampling procedure for living trees
but added a fourth circular sub-plot (radius = 4 m for 50 m?) for trees with a dbh from 2.5
to 7.5 cm.

For stumps, snags and dead trees with a height of up to 4 m, the volume was calculated
with the cylinder formula. For snags and dead trees taller than 4 m, the volume was
assessed according to wood volume tables based on the dbh.

Four variables were used to describe deadwood: tree species, diameter (six classes: 5,
10-15, 20-25, 3040, 50-65, >70 cm), position (lying on the ground, standing, stump),
and decay stage. We adapted nine decay stages classes adapted from Sippola et al. (1998)
and Larjavaara and Muller-Landau (2010) by crossing three classes of remaining bark
cover (from 95 % of the stem still covered by attached bark to missing bark from the whole
stem) with three classes of inner wood hardness assessed by ‘knife penetration test’ (from
hard outer wood to deeply disintegrated and soft inner wood). We then calculated a
deadwood diversity index to reflect the number of observed deadwood types, that is the
number of combinations of the above four variables (tree species x diameter
class x decay stage x position), as suggested by Siitonen et al. (2000).

We used landscape forest cover (LFC) as a measure of connectivity. The LFC was
calculated in a circular buffer zone centered at the barycenter of the three traps with the
ArcGIS 10.2 for Desktop ® software ver. 2012 [Esri (Environmental Systems Research
Institute), Redlands, CA] and French vegetation maps (© IGN-BD Topo® edition 2010) at
two spatial scales: 78 ha (radius 500 m) and 1256 ha (radius 2 000 m). These spatial scales
were considered adequate to differentiate beetle species with different dispersal abilities
(ranging from ten to several hundreds of meters; e.g. Sauvard 2004; Ranius 2006) and to
demonstrate possible isolation effects. Using digitalized versions of historic maps from the
nineteenth century, we also computed the ancient landscape forest cover (ALFC) at the
same scales (see “Study sites and sampling design” for more details about the historic
maps).

Data analysis

For all analyses, we pooled the data from the three traps within each forest site into one
“observational unit”. For deadwood attributes, we calculated the mean for each obser-
vational unit.

To test for effects on species richness of the local deadwood resource (deadwood
volume and deadwood tree species diversity), and for forest continuity (current vs ancient),
we fitted generalized linear mixed Poisson models. We introduced an interaction term
between deadwood volume and forest continuity to test our first hypothesis about the
weakening of species-environment relationships in recent forests. Since deadwood volume
and deadwood diversity were highly correlated (r = 0.78, P < 0.0001), we only used the
volume variable in our models. Site and region were random factors. LFCs—current and
past- were also introduced into the models as covariates to account for differences in
landscape connectivity. Total species richness, number of rare species and number of
common species were dependent variables.

Due to differences in regional species pools, we explored the individual responses of
species at the regional scale. We considered beetle species occurring in at least 10 % of the
sites and with a total count of more than 25 individuals. We fitted generalized linear mixed
models with either a Poisson distribution or a binomial, for abundance and occurrence
respectively. We used the volume of deadwood, the forest continuity and the LFCs as fixed
factors and the site and region as random factors.
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To test for an effect of forest continuity on beetle assemblage composition, we used the
multivariate generalization of generalized linear models proposed by Warton (2011). This
method consists in fitting separate models to each species, summing the test statistics and
then assessing the significance of these multivariate test statistics through a resampling
procedure. Compared with distance-based multivariate analyses or canonical correspon-
dence analyses, this approach is more appropriate for mean—variance relationships, which
are critical in count data (Warton et al. 2012). We fitted the GLMs with a negative
binomial distribution where mean abundance was the dependent variable and forest con-
tinuity the predictor. To calculate the multivariate test statistics, we relaxed the assumption
of independence for the species response variables. We used the parametric bootstrap
resampling method to estimate the P value associated with the test statistics (n = 1000).

To characterize beetle assemblages, we computed two metrics for each trait (body size,
decay-class preferences and diameter preferences): the community-level weighted mean
(CWM) and the effect size of the mean pairwise distances. The former indicates the
average of the niche positions and the latter indicates the range extent or the dispersion
around the average. For categorical traits (decay and diameter classes), we estimated the
niche position of each species following Gossner et al. (2013). These authors used the
occurrence of a given species across categories and weighting scores (0.5 = very rarely
used; 1 = rarely used; 2 = commonly used; 3 = preferred) to end up with a niche position
value. Effect size of the mean pairwise distances for each trait was estimated by ran-
domizing (n = 999) the community data matrix within samples. The species richness of
samples was maintained in the null models. Values > 0 indicate over-dispersion, possibly
due to competition, while values < 0 indicate clustering due to habitat filtering (Pausas and
Verdi 2010). We used the data provided by Gossner et al. (2013) and experts for the decay

Table 1 Environmental characteristics of the 60 study sites (mean & SD) and results from paired com-
parison of means (values in boldface are significantly different (P < 0.05))

Variables Ancient Recent t P

Stand variables:

Deadwood volume (m>/ha) 15.25 + 6.57 30.05 + 23.57 3.15 0.002
Standing deadwood volume (m*/ha) 3.015 + 3.17 11.17 £ 16.16 2.94  0.004
Deadwood of large® diameter volume (m*/ha) 0.39 + 1.59 4.2 +17.27 2.87 0.005
Deadwood of small® diameter volume (m>/ha) 6.33 + 3.18 6.61 + 2.69 0.56 0.57

Deadwood of late decay stage volume (m*/ha) 0.5 £ 0.61 1.22 £ 1.94 1.52  0.138
Deadwood diversity 15.84 £+ 2.93 18.86 + 5.08 249 0.015
No of tree species in deadwood 3.54 £ 131 4.19 £ 2.15 1.04 0.304
Density of living trees (No of stems/ha) 743.00 £ 281  672.00 £ 189 093 0.367
Basal area of living trees (m?/ha) 27.65 £ 7.40 27.63 £+ 6.01 0.15 0.878

Landscape variables:
Landscape forest cover within 500 m radius (%) 15.84 £+ 5.51 15.74 + 7.42 —-0.39  0.696

Landscape forest cover within 2000 m radius (%) 18.06 + 5.07 17.58 &£ 5.54 —-0.52  0.605

Information are provided for some of the sub-types of deadwood that are usually missing or rare in young
and/or managed stands

* Diameter > 30 cm

® Diameter < 10 cm
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and diameter preferences. We have to acknowledge that data were not available for all the
species. However, there were no bias in the distribution of species with missing data (i.e.
31 and 29 % in ancient and recent forests respectively). Body size information come from
the French Saproxylic Database FRISBEE (Bouget et al. 2010).

To test for a forest continuity effect on each trait metric, we used linear mixed-effect
models with the volume of deadwood as co-variable (fixed factor) to account for the
quality of the habitat. Region and pair were used as random factors to account for the
spatial structure of our data set.

All analyses were carried out with the R 3.1.0 (R Core Team 2013) software, using the
picante (Kembel et al. 2014) and FD (Laliberté et al. 2014) packages for trait analyses, the
Ime4 (Bates et al. 2014) and multcomp (Hothorn et al. 2014) packages for the GLMMs,
and the mvabund package (Wang et al. 2015) for multivariate analyses.

Results

Recent forests had a higher volume of deadwood on average (Table 1). This characteristic
allowed us to disentangle the habitat limitation effect from the effect of forest continuity
per se. Landscape Forest Cover was not significantly different between ancient and recent
forests; this was true at both spatial scales (Table 1). This confirms the ability of our
sampling design to control for this factor. Density and basal area of living trees were also
not significantly different between the two forest continuity categories (Table 1). This
suggests that our comparisons are not biased by microclimatic differences.

A total of 492 saproxylic species were trapped and identified: 425 and 310 species in the
Gascogne region and the Gatinais region, respectively (see Supplementary Appendix for
the species list). Of these species, 208 (42 %) were observed in both regions. None of the
species are threatened according to the European Red List of saproxylic beetles (Nieto and
Alexander 2004).

Forest continuity had a significant effect on mean species richness and on the mean
number of common species, but no effect on rare species (Table 2). The mean global
species richness, as well as common and rare species richness, were all significantly
influenced by the local deadwood volume (Table 2). In line with our first hypothesis, there
was significant interaction between deadwood volume and forest continuity, both for the
global mean number of species, and for common and rare species richness (Table 2). When
we fitted a GLMM for each forest continuity category (ancient vs recent) separately,
deadwood volume was still significantly related to mean species richness in ancient forests
(z value = 2.389, P = 0.017), though not in recent forests (z value = —1.057, P = 0.291).

In line with our second hypothesis, forest continuity had a significant effect on
assemblage composition in Gascogne (Wald test = 24.73, P = 0.002), but not in Gatinais
(Wald test = 17.46, P = 0.352) and as far as species abundance is concerned. No sig-
nificant effect was detected in either region when considering species occurrence (Gas-
cogne: Wald test = 21.53, P = 0.189; Gatinais: Wald test = 11.7, P = 1).

We found almost twice as many species associated with ancient forests (21) than with
recent ones (11) (Table 3). Forest continuity had a significant effect either on species
abundance or occurrence or sometimes on both (Table 3). In Gascogne and Gatinais
respectively, the species associated with ancient forests represent 12.4 and 6.7 % of the
testable species (i.e. which occurred in more than 6 sites and were represented by at least
25 individuals).
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Table 2 Summary of poisson generalized linear mixed models with the number of all species, of common
and of rare species as response variables (see materials and methods section for further details)

Independent variables All species Common species Rare species

z value Pr(>lzl) z value Pr (>lzl) z value Pr(>lzl)

Deadwood volume (m>/ha) 2.44 0.01 2.27 0.023 2.46 0.014

Trees species diversity in deadwood 0.55 0.58 0.22 0.824 0.79 0.428

Forest continuity (ancient/recent) 2.28 0.02 2.32 0.020 0.39 0.696

Current landscape forest cover within =~ —1.29 0.20 —1.44 0.151 0.02 0.985
500 m radius (%)

Current landscape forest cover within 1.24 0.21 1.20 0.230 0.72 0.475
2000 m radius (%)

Ancient landscape forest cover -0.17 0.86 0.01 0.993 —1.71 0.087
within 500 m radius (%)

Ancient landscape forest cover 0.25 0.80 0.42 0.671 0.10 0.922
within 2000 m radius (%)

Interaction Deadwood volume: -2.70 0.01 —2.51 0.012 -2.30 0.021

Forest continuity

Z-values in boldface are significant (P < 0.05). For forest continuity, the z-value indicates the sign of the
difference between the “ancient” and “recent” areas

In line with our third hypothesis, the species observed in recent forests had a signifi-
cantly smaller mean body size than the species observed in ancient forests (Table 4). Their
mean diameter preference was also significantly smaller. For both forest continuity cate-
gories, diversity of the three traits (body size, diameter and decay preferences) were
globally smaller than expected by chance suggesting habitat filtering effect in all habitat
types (Fig. 2). Only the diversity of body size was significantly influenced by forest
continuity (Table 4). Species tended to be more similar in terms of body size in recent than
in ancient forests despite a higher diversity of deadwood in recent forests.

Discussion

Given our study design and the a posteriori control for deadwood amount in our analysis,
our results provide strong evidence that a forest continuity effect on flying saproxylic
beetle assemblages does indeed exist, in line with results from the few previous studies
(Gossner et al. 2008; Irmler et al. 2010).

Species richness was significantly influenced by deadwood volume in ancient forests,
but not in recent ones. This loss of relationship between assemblages and their environment
is congruent with the pattern observed for plants by Vellend et al. (2007) and corroborates
the dispersal limitation hypothesis, for some species at least. In a companion paper (Bouget
et al. 2014a), we found a micro-evolutive response that also corroborates this hypothesis:
wing loading (used as a proxy for dispersion capacity) was lower in recent than in ancient
forest plots for Melandrya barbata males. This suggests that only the best dispersers were
able to colonize the recent forest plots. In line with the dispersal limitation hypothesis, the
species occurring in recent forests in the present study were on average smaller and had
smaller diameter preferences than those occurring in ancient forests. They also tended to be
of similar body size. This lack of large species in recent forests even though there are more
deadwood and especially large deadwood (Table 1) can be interpreted in light of the
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Table 3 Beetle species preference in terms of forest continuity (ancient vs recent) based on results from
GLMMs on their abundance or occurrence

Forest Region Family Species Abundance Occurrence
continuity
It valuel P value If valuel P value
Ancient Gatinais ~ Cerambycidae Alosterna tabacicolor  2.623 0.02 ns
Rutpella maculata Not tested 2.111 0.03
Curculionidae  Trypodendron 2.999 0.01 ns
signatum
Eucnemidae Microrhagus 2.502 0.02 ns
pygmaeus
Isorhipis melasoides 2.811 0.01 2.01 0.04
Isorhipis marmottani ns 1.95 0.05
Hylis foveicollis ns 1.9 0.05
Gascogne  Anobiidae Anobium punctatum 2.263 0.03 ns
Ptinus sexpunctatus ns 2.43 0.01
Anthribidae Tropideres albirostris  2.642 0.01 ns
Cerambycidae  Prionius coriarius Not tested 1.92 0.05
Ciidae Cis fusciclavis Not tested 1.927 0.05
Curculionidae ~ Camptorhinus ns 2.162 0.03
simplex
Dryocoetes villosus 2.347 0.03 2.32 0.02
Histeridae Paromalus flavicornis ~ 3.029 0.01 ns
Latridiidae Melanophtalma 2.126 0.05 2.44 0.01
maura
Mordellidae Mordellistena 2.862 0.01 ns
confinis
Nitidulidae Epuraea fuscicollis 3.164 0.01 ns
Cryptarcha strigata 3.996 <0.001 ns
Tenebrionidae ~ Mycetochara maura 5.018 <0.001 ns
Zopheridae Colobicus hirtus 3.522 0.01 ns
Recent Gatinais  Troscidae Aulonothroscus 2.904 0.01 1.939 0.05
brevicollis
Gascogne  Anobiidae Dorcatoma substriata Not tested 2.033 0.04
Cantharidae Malthinus 2.246 0.03 ns
seriepunctatus
Cerambycidae  Poecilium alni Not tested 2.064 0.03
Cerylonidae Cerylon ferrugineum  2.247 0.03 ns
Curculionidae  Hylesinus toranio 2.255 0.04 ns
Curculionidae ~ Scolytus multistriatus ~ 3.066 0.01 ns
Dermestidae Dermestes undulatus ns 2.649 0.01
Erotylidae Tritoma bipustulata 2.663 0.01 ns
Scarabaeidae  Protaetia cuprea 2.54 0.02 ns
Sphindidae Aspidiphorus 2.542 0.03 ns
lareyniei

Only significant results are presented. Only species occurring in a least 10 % of the sites and with more than
25 total individuals were tested (see materials and methods section for further details)
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Table 4 Summary of linear mixed models with the community-level weighted mean of trait values (niche
position) or the standardized effect size of mean pairwise distances for each trait (diversity) as response
variables, forest continuity and deadwood volume as fixed factors, and pair and region as random factors

Traits Forest continuity (ancient/recent) Deadwood volume (m>/ha)

z value Pr (>zl) z value Pr (>zl)

Diameter preference:

Niche position 2.284 0.0223 —1.663 0.0963

Diversity 0.406 0.684 —0.325 0.745
Decay-class preference:

Niche position 0.626 0.531 0.378 0.706

Diversity —0.897 0.37 1.154 0.249
Body size:

Niche position 1.989 0.0467 —0.838 0.4019

Diversity 1.903 0.0571 —0.596 0.5513

Significant values (P < 0.05) are in boldface

o~ - o~
(a) ~1(b) (c)—
|
|
|
- o - i
BN :
i
' ! —_—
Zz 2z — : : i
fed D i ' i
@ o ! | H
4 (=2 g o - i é (=2 v
= 3 2
o — o [
& —_ ) o =
[ ' o
=4 ) 1 < T
L i ! D i g v H :
o ! i 2 ' 7 B i I
5 | : 2 | ' ' '
5 ' s — | =3 : !
k) o i o ! —
@ (\l! —~ T Q- H m o :
£ 2 — — t
8 a
[a]
[ i ) © ©
i i
| |
< ‘.Y - -
T T T T T T
A R A R A R
Forest continuity Forest continuity Forest continuity

Fig. 2 Diversity of each trait (diameter preference (a), decay preference (b), body size (c¢)) for each forest
continuity class (A: ancient versus R: recent). Diversity was computed as the standardized effect size
(n = 999 runs) of mean pairwise distances for each trait

habitat templet hypothesis (Southwood 1977). Indeed, the largest species breed on large
diameter pieces (Brin et al. 2011) which decayed more slowly (Brown et al. 1996; Van-
derwel et al. 2006). Large species might therefore be less mobile than the smallest ones,
and they might be among the latest to colonize a new habitat. Furthermore, because of
higher population levels and faster reproductive cycles, smaller species might be less prone
to extinction in fragmented landscapes (Henle et al. 2004; Stokland et al. 2012). The ability
to colonize a new patch depends not only on the dispersal capacity, but also on the number
of dispersing individuals (Hanski 1999). In the studied fragmented landscapes, low level of
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populations of the largest species may hamper their colonization rate of new patch. Species
observed in ancient forests but missing in recent woodlots may relate to what is called the
“species credit” (Hanski 2000), or the ‘“colonization credit” (Jackson and Sax 2010;
Nagelkerke 2010; Nagelkerke et al. 2002). These concepts refer to species that either come
back after being regionally extinct or increase their populations following an improvement
of habitat quality. Our results provide evidence for such transient dynamics in highly
fragmented forests.

Contrary to Bouget et al. (2014b), we did not find any significant effect of deadwood
tree species diversity on beetle species richness, even though this is one of the four
parameters commonly used to describe deadwood diversity. Deadwood tree species
diversity has been acknowledged as a key driver of saproxylic assemblages (Lassauce et al.
2012; Stokland et al. 2012). Our results may be due to the phylogenetic proximity of the
tree species in our study. Indeed, at our sites, the deadwood originated from deciduous
trees only. Whereas insects assemblages associated with broadleaved trees are clearly
different from assemblages associated with conifers trees, patterns are far less obvious
within each branch (Brindle and Brandl 2006; Gossner et al. 2009; Milberg et al. 2014).

Forest continuity had a significant effect on assemblage composition with some beetle
species clearly more abundant and/or frequent in ancient forests. Our results are congruent
with the few references available about saproxylic beetles and forest continuity. Two
species, Dryocoetes villosus and Mycetochara maura, were among the least mobile species
according to the classification by Irmler et al. (2010). The occurrence of the later species
was significantly and strongly associated with the density of large or hollow oak density at
small spatial scale (i.e. 52 m) (Bergman et al. 2012). Three others species (Prionus
coriarius, Trypodendron signatum and Microrhagus pygmaeus) ‘“are known to have
occurred in recent times only in areas believed to be ancient woodland” (Alexander 2004).
But we also found species that were more abundant and/or frequent in recent forests. This
pattern may be caused by a trade-off between dispersal and competitive ability (Leibold
et al. 2004). Species having high colonization capacity are poor competitors and are then
more abundant or frequent in recent forests compare with ancient ones. Tritoma bipustu-
lata appeared to be significantly more abundant but not more frequent in recent forests
(Table 3). According to Alexander (2004) this species is restricted to ancient forests. Our
contradictory finding may be explained by the differences observed between recent and
ancient forests in terms of habitat quality (Table 1). Notably, deadwood volume was much
higher in recent forests. This in turn may have consequences on the availability of fungi
such as Polyporus spp., Trametes spp. or Daedalea spp. which T. bipustulata feeds on.

The effect of forest continuity was significant at the community level only in the
Gascogne region. This may be due to a higher proportion of species influenced by con-
tinuity in this region, as reflected by results from the individual species models. Further-
more, spatial landscape features may interact with temporal discontinuity to contribute to
extinction/colonization and diversity patterns (Brunet et al. 2011). The proportion of the
landscape covered by hedgerows is lower in the Gatinais region (mean 3.22 4 0.30 SE)
than in the Gascogne region (mean 7.22 + 0.42 SE). If such landscape elements do indeed
contribute to woodlot connectivity, as they do for forest plants (Verheyen et al. 2003;
Wehling and Diekmann 2009), the woodlots in the Gatinais region would have experienced
a higher degree of isolation. This could have been detrimental to many poorly mobile
species. In the Gascogne region, the higher forest landscape connectivity through hedge-
row networks may compensate for the negative effects of temporal discontinuity on
saproxylic beetle assemblages. Clustering patterns for all trait values, regardless of forest
continuity, suggest habitat-filtering effects on the assembly process. The lower diversity of
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body sizes in recent forests can also be a sign of biotic homogenization due to disturbance
(i.e. deforestation) (Devictor et al. 2008; Mori et al. 2015; Smart et al. 2006).

In conclusion, this study gives support to using forest continuity as a relevant criterion
to identify sites of conservation importance, even in highly fragmented landscapes.
Overall, our results may even be rather conservative, for two reasons. First, our recent
forests had a higher volume of deadwood on average than our ancient forests. This may
have reduced the difference between the two habitats. Second, some old-growth attributes
such as large or highly decayed logs were rare in our ancient-forest study sites (Table 1).
As these substrates harbor the most specialized and least mobile species (Gossner et al.
2013), the effect of forest continuity way have been under-estimated.
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