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Abstract
1. Understanding the cascading effects of stand decline on saproxylic communities,
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that these cascading effects would vary along decline gradients—from stand de-
cline (proportion of declining trees) to mortality (proportion of dead trees) and

subsequent salvage logging—mediated by the shifts in habitat conditions.

Kone Foundation 2. This study was conducted across three representative European forest contexts:

Handling Editor: Akira Mori fir forests in the Pyrenees and oak forests in the Loire Valley affected by drought
disturbance, and Norway spruce forests in Bavaria affected by windstorm and
bark beetle outbreak. We assessed how the taxonomic and functional a-diversity
of saproxylic beetles responded to variations in the diversity and density of dead-
wood and TreMs, using structural equation modelling.

3. Our analysis confirmed an overall positive influence of decline processes on sap-
roxylic beetles in conifer-dominated forests. TreM and deadwood diversity played
a central role in structuring saproxylic beetle communities in stand decline con-
texts. The increase in TreM heterogeneity associated with stand decline or mor-
tality enhanced saproxylic abundances, with exposed wood and trunk injuries,
and deadwood-associated TreMs identified as particularly influential. Snags and
large deadwood elements, especially in spruce forests, and deadwood diversity

further contributed to sustaining high levels of beetle abundance.
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1 | INTRODUCTION

Natural disturbances are major drivers of forest dynamics, shaping
landscape heterogeneity, microclimates and biodiversity (Cours
et al., 2022, 2023; Pickett & White, 1985; Viljur et al., 2022). Climate
change is intensifying these events, with, for instance, increasingly
severe and frequent drought in Europe (Samaniego et al., 2018; Seidl
et al., 2017; Turner, 2010), exceeding many tree species physiological
tolerance and triggering widespread mortality (Allen et al., 2015).

Severe disturbances affect tree condition (Senf et al., 2018,
2020), initiating progressive loss of vigour and eventually mortality—
collectively described as stand decline or dieback. In cascade, these
processes abruptly or gradually increase deadwood quantities and
alter tree-related microhabitat (TreMs) profiles (Bouget et al., 2024;
Bouget & Cours, 2025; Chowdhury et al., 2024; Zemlerova
et al., 2023). Disturbance legacies—such as bark loss, fruiting bod-
ies of saprophytic fungi or crown deadwood—modify microclimates
and create distinct habitats that can positively affect certain func-
tional guilds, for example, saproxylic beetles (Cours et al., 2023;
Le Souchu, Cours, et al., 2024). Saproxylic beetles—that is, species
dependent on dead or decaying wood and associated TreMs—are
key contributors to nutrient cycling, forest trophic webs and polli-
nation (Stokland et al., 2012), yet ongoing global declines highlight
their sensitivity to environmental changes (Calix et al., 2018; Harvey
et al., 2023; Seibold et al., 2019). Their taxonomic and functional
diversity often benefit from stand decline (Beudert et al., 2015;
Cours et al., 2021; Wermelinger et al., 2002), although their re-
sponses may be scale-dependent, non-linear and transient (Cours
et al., 2022; Viljur et al., 2022; Wermelinger et al., 2025). Dying and
dead trees can also support distinct guilds along the stand decline-
mortality succession—that is, xylophagous species on dying trees
and saproxylophagous species on dead trees (Le Souchu, Bouget,
& Sallé, 2024).

Furthermore, forest context modulates biodiversity responses
to stand decline: disturbance type, stand structure and dominant
tree species shape the diversity and quantity of disturbance legacies

4. Conversely, salvage logging exerted detrimental effects, especially on the saproxylo-
phagous guild, primarily through reductions in TreM heterogeneity, and the depletion
of deadwood-associated and exposed wood and trunk injury types of TreMs.

5. Given the pronounced context dependency of the processes driving these cascad-
ing community dynamics, and considering the increasing frequency, severity and
spatial extent of forest disturbances and global stand decline, it is imperative to in-
tegrate this complexity into management and conservation frameworks. Addressing
these mechanisms with greater precision will be critical for maintaining biodiversity

within rapidly changing forest ecosystems.

climate change, forest dieback, forest die-off, highland forest, lowland forest, montane forest,
natural disturbances, temperate forest

leading to varied biodiversity outcomes (Cours et al., 2023; Turner &
Seidl, 2023). For instance, windstorm and drought differently affect
deadwood and TreM provision—for example, windstorm creating
brief but large impulse of resources while droughts affect tree con-
dition over longer period of time (Bouget et al., 2024). Such differ-
ences seem to differently affect biodiversity (Cours et al., 2023; Viljur
et al., 2022)—for example, windstorm being more prone to benefits
flower-visiting beetles than drought (Cours et al., 2021).

Salvage and sanitary logging, frequently implemented to re-
cover timber value and mitigate pest risks (Lindenmayer et al., 2008),
removes the disturbance legacies shortly after their formation. As a
compounded disturbance (Bouget et al., 2024; Cours et al., 2023), it
often reduces deadwood resources, negatively affecting deadwood-
dependent taxa (Georgiev et al., 2022; Thorn et al., 2018), though it
may benefit guilds benefiting from open habitats (Cours et al., 2021;
Thorn et al., 2018; Wermelinger et al., 2025).

Although many studies have examined direct biodiversity re-
sponses to disturbance severity (see e.g. meta-analysis from Viljur
et al. (2022)), the cascading pathways—define as the multiple, indi-
rect ecological routes where stand decline alters structural legacies
(e.g. deadwood and TreMs) which in turn reshape saproxylic beetle
communities—connecting disturbance legacies to community responses
remain poorly understood. Clarifying these pathways is essential for
improving biodiversity predictions and guiding conservation-oriented
forest management.

Here, we aimed to better understand the consequences of stand
decline on saproxylic beetle communities via the cascading changes
in deadwood and TreMs. To achieve that, we examined how sap-
roxylic beetle a-diversity responds to stand decline across three
European forest contexts: firrdominated Pyrenean montane forests
affected by drought disturbances, spruce-dominated Bavarian mon-
tane forests affected by windstorm and subsequent bark beetle out-
breaks and oak-dominated lowland forests in the French Loire Valley
affected by drought disturbances. We quantified stand decline and
mortality, deadwood diversity and volumes and TreMs diversity and
density, in order to test the following hypotheses:

95UB017 SUOUWIOD aA 118810 3ol jdde a) Aq peuenob ae ool VO 35N JO o[l 1oy Akeid1T8UIIUQ AB]1M UO (SUONIPUOD-PUB-SWIR)ALIY"AB | 1M Afe.d 1 jBul JUo//Sdiy) SUOTIpUOD pue swie 1 8y} 88s *[9202/20/02] Uo AreiqiTauliuo (1M ‘oueld aueiyood Aq €870/ 7992-G9ET/TTTT OT/I0P/W0D A8 | ARIq puljuo'S fpunosad)/sdny Woj pepeoiumod ‘. ‘9202 ‘v992S9ET



COURS ET AL.

(i) taxonomic and functional a-diversity, and abundance of total
and guild-specific saproxylic beetles increase with the quantity
(i.i) and diversity (i.ii) of deadwood and TreMs;

(ii

=

declining trees primarily promote xylophagous species, whereas

dead trees promote saproxylophagous species;

(iii) cascading pathways differ among forest contexts due to vari-
ations in disturbance legacies—that is, drought versus bark
beetle outbreak disturbance and fir versus spruce versus oak-
dominated species—and timing among the study cases;

(iv) by depleting the disturbance legacy resources, salvage logging

negatively affects the guilds promoted by stand decline.

2 | MATERIALS AND METHODS

2.1 | Sampling design

Our sampling design is the result of the opportunistic combination
of three different forest contexts. Two were in France: the silver
fir-dominated forests (Abies alba Mill.) in French Pyrenees, hereaf-

ter in text ‘firdominated forests’, and the oak-dominated forests
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(mix of Quercus petraea and Quercus robur) in Loire valley. In addi-
tion, one was set up in Germany: the Norway spruce-dominated
forests (Picea abies) in Bavaria, hereafter in text ‘spruce-dominated
forests’ (Figure 1, Table 1). They originated from three different pro-
jects: CLIMTREE for the two montane coniferous contexts (spruce
context was also funded via BIOKLIM project; Béssler et al., 2009;
Thorn et al., 2017), while the oak-dominated forest context was
funded via CANOPEE project (Sallé et al., 2020). Although they
all share the same methodology to describe the forest structure,
that is, deadwood and TreMs, they show differences in sampling
design and beetle trapping methods (see Table 1). The three pro-
jects shared the common objective of studying the consequences
of forest decline on the biodiversity (with an important focus on
saproxylic beetles). Along a gradient of stand decline, we selected
56 study plots in fir-dominated forests (28 in Aure valley (Central
Pyrenees; 854-1570ma.s.l.; 42°51'46.8” N, 0°36'08.9”E) and 28 on
Sault plateau (Eastern Pyrenees; 705-1557.3ma.s.l.; 42°50'58.7” N,
2°00'41.3"E)), 15 plots in oak-dominated forests (6 in Orleans for-
est (107-174ma.s.l.; 48°00'28” N, 2°09'39”E) and 9 in Vierzon
forest (120-190ma.s.l.; 47°15'53.9” N, 2°05'55.4"E)) and 28 plots

in spruce-dominated forests (660-1352ma.s.l.; 49°1'24.96"N

Oak-dominated forests
. [ Coniferous forests

®
. Spruce-dominated forests [ National borders L
°®
®

Orleans forest
n=6

7%

( N
Legend
Context Forest cover Study plot
. Fir-dominated forests [ Broadleaf forests Stand mortality class
I Mixed forests ® [0;5]in fir and oak; [0; 10] in spruce

15;10]in fir; 15 ; 35] in oak
110; 45] infir;]10 ; 70] in spruce
170, 100] in spruce context

Salvage

FIGURE 1 Map of the study plots and of the different study contexts. Numbers in brackets are showing mortality classes—for example,

70%-100% of mortality for the most severe class in spruce forests.
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Information about the different study cases.

TABLE 1

Oak-dominated forests

Spruce-dominated forests

Fir-dominated forests

Context

Central France

150ma.s.l.
15

Bavaria (Germany)

1077 ma.s.l.
28

French Pyrenees
1160ma.s.l.
56

Location

Mean altitude

Plot number

0.07 (0-0.33)
0.33(0-0.9)

NA

0.55(0-1)
NA

0.1 (0-0.42)
0.68 (0.15-1)
12 plots

Stand mortality (proportion)

Environmental gradients

Stand decline (proportion)

9 plots

Salvage logging

2 green Lindgren traps +1 black

baited Lindgren

1 transparent flight-interception traps

2 transparent flight-interception traps

Sampling method (traps/plot)

Insect data set

978 (208-1891)
53(6-81)

75 (7-260)
25 (1-66)

487 (67-2699)
47 (13-75)

Saproxylic beetles—abundance

Saproxylic beetles—Species

richness

21(0-103)
1(0-3)

136 (2-438)
5(1-9)

50 (0-258)
4(0-12)

Deadwood volume (m°.ha™)

Disturbance legacies

Deadwood diversity

COURS ET AL.

8(1-13)

7 (1-15)

12 (6-21)

TreM diversity

Note: For continuous gradients, mean, minimum and maximum values are presented, while for salvage logging, the numbers of plots treated are presented. For more detailed information, see Figures S1 and

S2.

13°38'5.222"E; Figure 1). Fir and spruce forests included 12 and
9 plots, respectively, which have been salvage logged (Figure 1,
Table 1), while the most valuable oak trees were regularly harvested
during the decline process, which reduced the volume of deadwood
in this context. In fir and oak forests, plots were set up in managed
forests and the forests around were also predominantly managed.
Plots in spruce forests were set up in the Bavarian Forest National
Park, which is characterized by large areas of unmanaged disturbance
areas but also by intervention sites with salvage logging in the buffer
and former development zones of the National Park (see Miiller
et al., 2010; Thorn et al., 2016). Stand decline in fir and oak forests
were mainly the result of drought events (the 2003 drought being
a major event in the occurrence of these declines), which mainly
resulted in patch dynamics (Sallé et al., 2020). In spruce forests,
the decline studied was the result of windstorms and bark beetle
outbreaks, which mainly resulted in stand-replacing dynamics (Thorn
et al., 2017). The most recent impactful event for the spruce forests
was the effect of the windstorm Kyrill in 2007, from which most of
the decline in our studied plots was the results, compounded by the

subsequent bark beetle outbreaks.

2.2 | Environmental conditions

To assess the dendrometric characteristic of each plot, we imple-
mented a sampling protocol using relascope with 1/50 ratio (fac-
tor 1). For each tree sampled, we recorded the type (i.e. living tree,
standing dead tree and lying deadwood), the tree species, the diam-
eter, and the decay stage for deadwood (from 1=fresh deadwood
with full cover of bark, to 4=soft wood with no more remaining
barks). The diameter was recorded at breast height (dbh) on living
trees and standing dead trees higher than 4 m, and at mid-height (or
length) on standing trees lower than 4 m and on lying deadwood. In
addition, for each recorded tree, we noted the tree-related micro-
habitats (TreMs) on living and standing dead trees, based on the 47
types described by Larrieu et al. (2018). Mean plot area was approxi-
mately of 0.3ha and depended on the dbh of the largest trees and
their location from the centre. Finally, we converted plot data into
1ha densities by allocating the coefficient N, to every measured
tree and deadwood piece (Pardé & Bouchon, 1988) We calculated
the coefficient N, as N,=x 10°x ((arctan(1/50))/(x x dbh))?. Such al-
location is important for the better representation of tree diameter
classes (small trees being under evaluated with relascopic sampling
protocol [and vice versa with larger trees]), and result comparability
(standardization at the scale of 1ha). Field data were collected in
2017 in the fir and spruce forests and in 2020 in oak forests.

In parallel, we used eco-morphological traits related to each
ligneous substrates (i.e. living trees and deadwood) and TreM, to de-
scribe their changes. For ligneous substrates, we directly used field
measurements, that is, type of substrate (as an ordinal scale: 1="lying
deadwood’, 2="standing deadwood’, 3="living trees’), decay stage
(from 1="‘hard deadwood fully covered by bark’ to 4="very soft
wood out of bark’) and diameter classes (see Bouget et al., 2024).
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In addition, we used a list of two eco-morphological traits
characterizing each TreM found in the field, that is, (i) type of
substrate bearing the TreM (as an ordinal scale: 1="lying deadwood’,
2 ='standing deadwood’, 3="living trees’) and (ii) its association with
deadwood (whether the TreM contains decaying deadwood, mould
or neither, hereafter named ‘saproxylic TreMs’; for additional infor-
mation, see Bouget et al., 2024; data updated).

We used the quantitative eco-morphological traits from ligneous
substrates and TreMs to compute community-weighted means (CWM),
functional dispersion (FDis) for each of them and overall functional dis-
persion, using FD R-package (Laliberté et al., 2014; for more information,
see Bouget et al., 2024). We used the sum of weight N, as abundance
measure. We also calculated the volume of the different types of dead-
wood, that is, standing and lying, low and high decay level (i.e. level 23 on
a scale from 1 to 4), small and large (dbh >40cm) and deadwood diver-
sity combining all these features with tree species (Siitonen et al., 2000).
Volumes were calculated using length and diameter for all logs and
standing deadwood of less than 4m tall, and we used Schaeffer's vol-
ume equations for living trees and standing deadwood of more than
4m tall—using the equation volume=0.000138x(z x dbh)?>~0.0066 x =
x dbh+0.0955 for coniferous trees and volume=0.000203 X (r x dbh)Z—
0.0097 x = x dbh+0.1194 for broadleaf trees. In addition, we calculated
the total TreM diversity (based on the 47 types described by Larrieu
et al., 2018) and the density per hectare of trees bearing fruiting bodies
of saproxylic fungi, tree injuries and exposed sapwood, rot-holes and
saproxylic TreMs known to be important for saproxylic beetles (Larrieu
et al., 2018; Stokland et al., 2012).

To account for the two successive processes of tree decline and
death, we measured two gradients, that is, stand decline and mortal-
ity. First, in all forest contexts, we quantified plot-level ‘stand mortality’
as the proportion of standing dead tree basal area relative to the total
basal area of both standing dead and living trees. Second, we quanti-
fied the plot-level ‘stand decline’ using ARCHI protocol (Drénou, 2025).
This method uses tree architecture to classify tree on a decline gradient,
from healthy fully functioning tree to dead tree, including three decline
stages in between, that is, resilient, stressed and irreversible death. We
applied the method on the 20 closest dominant trees from the centre
of each plot in fir- and oak-dominated forests. ARCHI protocol has not
been employed in spruce-dominated forests and therefore has not been
calculated in this context (Table 1). We used the proportion of dying
trees—that is, stressed and irreversible death categories, therefore not
adding dead trees—as a measure of ‘stand decline’. The use of both
metrics provides a dynamic perspective where trees are first declining
due to the disturbances and are ultimately dead. Along the manuscript,
we specifically refer to stand decline and mortality as it is used by for-

esters, only focusing on trees.

2.3 | Beetle sampling, identification and
characterization

We sampled saproxylic beetles using different types of traps in
each study context. In fir- and spruce-dominated forests, we used
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flight-interception traps (©Polytrap). They consisted in crossed pair of
transparent plastic panes (40x60cm) above a funnel conducting into
a container filled with an unbaited preservative (50% propylene gly-
col and 50% water with a drop of detergent). There were two inter-
ception traps in fir forests, each at least 20m from the other, placed
around the centre of each study plot (Cours et al., 2022), while there
was only one interception trap in spruce forest, placed at the centre of
each study plot (Cours et al., 2021). The traps were suspended roughly
1.5m above the ground and were sampled every month from mid-May
to mid-September 2016 in spruce forests and 2017 in fir forests. In
oak forests, we used a combination of two types of traps in each plot,
two green unbaited multi-funnel traps and one black multi-funnel trap
baited with volatiles (a blend of cerambycid pheromones, ethanol and
alpha-pinene, hooked to the trap, see Roques et al., 2023) to sample
different families of saproxylic beetles (mostly Buprestidae beetles
with the two unbaited green multi-funnel traps, and both Curculionidae
and Cerambycidae species with the baited black multi-funnel trap; Sallé
et al., 2020). The baited traps have an attractive effect decreasing
with distance and mostly help capturing nearby individuals (Turchin
& Odendaal, 1996). As in fir and spruce forests, collectors were filled
with unbaited preservative. Each trap was installed in a separate tree at
least 50m from each other, around the plot centre. In oak forests, the
project objective was to sampled canopy fauna specifically (CANOPEE
project). Therefore, these traps were suspended in the tree canopy,
approximately 15m above the ground. The traps were sampled every
month from mid-May to the end of August 2020. All the captured sap-
roxylic beetles were identified at the highest possible taxonomic level—
that is, 87% at the species level, 1% at the genus level and 12% at the
family level. We retained the genera in which 100% of regional species
are known to be saproxylic, and families in which at least 75% of re-
gional species are known to be saproxylic (Bouget et al., 2019). Since we
could not identify most of Staphylinidae species, and since their exclu-
sion is not considered to have a significant impact on the analysis of the
response of saproxylic beetles (Parmain et al., 2015), we excluded them
from the data sets.

We characterized each saproxylic beetle species by seven func-
tional traits: the preferred (i) deadwood diameter, (ii) stage of decay,
(iii) canopy closure, (iv) the mean body size, (v) their trophic regime, (vi)
the used TreM and (vii) whether they are flower visitors or not. The first
three indices were niche traits based on species occurrence data, that
is, class of deadwood diameter and stage of decay in which species were
recorded (see Gossner et al., 2013; Janssen et al., 2017). Mean body
size was based on direct measurements from the FRISBEE database
(Bouget et al., 2019) as well as the larval feeding guild, the larval mi-
crohabitat and the adult floricolous behaviour. For further analysis, we
specifically focused on ‘Xylophagous’ and ‘Saproxylophagous’ regard-
ing the larval feeding guild and on ‘Xylofungicolous’ and ‘Cavicolous’
species regarding the TreM used by the larva (Table 2).

The beetle capture has been done after the acquisition of neces-
sary permits. No other ethical approval was needed for the conduct
of this study. We did not need a licence or permit to achieve field-
work that has been done simply in accordance with owners (both
public and private, see Acknowledgements).
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TABLE 2 The different guilds studied
in abundance and species richness,
used abbreviations in figures and their
definitions (Bouget et al., 2005).

Guilds Abbreviation Definition

Xylophagous Xylo. Saproxylic beetle species with larvae foraging all the
woody tissues in living dying, or recently dead trees

Saproxylophagous Saprox. Saproxylic beetle species with larvae foraging
decayed, rotten deadwood

Mycetophagous Myceto. Saproxylic beetle species with larvae foraging

saproxylic fungi

Xylofungicolous Xylofun. Saproxylic beetle species with larvae inhabiting
fruiting bodies of saproxylic fungi

Cavicolous Cavic. Saproxylic beetle species with larvae inhabiting tree
cavities

Floricolous Floric.

2.4 | Statistical analysis

Data analysis was conducted with R software 4.5.1 (R Core
Team, 2025).

Regarding the response variables, we used the saproxylic beetle
community matrices and the trait databases—that is, the prefer-
ences in deadwood diameter, stage of decay and canopy closure
and the mean body size—to calculate the functional indices. First,
we removed vagrant species that are only associated with broadleaf
tree species in both coniferous-dominated forests (and vice versa for
oak-dominated forests), based on Bouget et al. (2019).

The functional richness (FRic), Rao's entropy index (RaoQ) and
evenness (FEve) were calculated using the FD R-package, imple-
menting abundance community matrices (Laliberté et al., 2014). We
also calculated the CWM and FDis of each of the quantitative traits
used for the functional indices (i.e. preferences in deadwood diame-
ter, stage of decay and canopy closure and the mean body size). To
isolate non-random assembly processes from the potential sampling
effects associated with species richness, we calculated standardized
effect sizes (SES) for all functional diversity indices (FRic, RaoQ, FEve,
FDis). We employed a null model approach, generating 999 random-
ized indices by randomly swapping trait values between species across
each context species pool. The SES for each index was calculated as
follows: SES=(I
served index value, and mean(l,) and sd(/, ,) represent the mean and

obs—Mean(l. ))/sd(l ), where I, represents the ob-
standard deviation of the null distribution, respectively. This standard-
ization ensures that the resulting values reflect functional assembly
(convergence or divergence) independent of taxonomic richness.

In addition, we calculated the taxonomic diversity and abundance
for the entire communities but also for each ecological guilds (Bouget
et al., 2019), defined by larval feeding guild (i.e. xylophagous, saprox-
ylophagous and mycetophagous), larval microhabitat (i.e. xylofungic-
olous and cavicolous) and adult behaviour (i.e. floricolous, see Table 2).
Finally, we used iNEXT R-package (Hsieh & Chao, 2020) to calculate
standardized species richness—that is, Hill number q=0—therefore
disentangling from the effect of abundance. We also included the
calculation of Shannon diversity index for all species—that is, Hill

number g=1. Due to inherent variations in sampling completeness

Saproxylic beetle species with adults visiting flowers

across contexts and bird guilds, we standardized our comparisons
using community-specific coverage levels (Table S2). Following the
guidelines of Chao et al. (2014), we set the target coverage for each
group at a level that required, at most, an extrapolation to double the
observed sample size, thereby ensuring the reliability of our richness
estimates. Consequently, one plot was excluded in spruce-dominated
forests from the final analysis due to insufficient sampling complete-
ness—that is, sample coverage=33% (see Table S1).

Finally, to calculate the cascading effects of stand decline and
mortality, and of salvage logging on environmental conditions and
saproxylic beetles, we employed piecewise structural equation
modelling (SEM), using the piecewiseSEM R-package, version 4.1.2
(Lefcheck et al., 2020). In our SEMs, hierarchical relationships were
the direct effects of stand decline and mortality, and salvage log-
ging on trees (i.e. ligneous substrates) and subsequently on TreMs,
which all may had effects on saproxylic beetles—that is, the cascad-
ing pathway. We constructed SEM for each forest context, to ac-
count for the different sampling schemes. The models implemented
in the SEM were a mix of linear mixed models, for which we log-
transformed the variables that required it, and generalized linear
mixed models for the abundance and species richness of saproxylic
beetles. In generalized linear mixed models, we used the negative
binomial (after testing for residual over-dispersion, using ‘check_
overdispersion’ function from performance R-library, Lidecke
et al., 2020) and Poisson distribution families. We also added a
random variable using site—that is, Aure and Sault in fir context,
and Orléans and Vierzon in oak context; Figure 1—, and the plot
altitude as fixed covariable when significant in model to account for
the within-site biogeographic context. We tested each model using
the function ‘check_model’ from performance R-package (Lidecke
et al., 2020), to test for residual normality, predictor collinearity
and potential outliers. We applied a selection of best SEM by the
selection of predictors in each model that reduce overall SEM AIC
by at least two. We divided the analysis in two datasets: (i) a first
dataset for testing both the effects of stand decline (only in fir- and
oak-dominated forests) and mortality, therefore not using salvage
logged plots, and (i) a second dataset for testing the effect of
salvage logging, therefore using only salvage logged plots and unsal-

vaged plots from the most severe mortality class in each coniferous
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context, that is, 10%-45% in fir-dominated forests and 70%-100%
in spruce-dominated forests (Figure 1). In models, salvage logging
has been used as a binary variable, that is, absence-occurrence of
salvage logging. In spruce-dominated forests, since we only tested
the effect of either stand mortality or salvage logging—that is, only
one tested effect in each part of analysis—on ligneous substrates,
we used the 5% a-error p.value to determine the significant effects.
In fir- and oak-dominated forests, we used a 2.5% a-error p.value
to test the effects of both stand decline and mortality effects as
a strict adjustment of the p.value (0.05/2). For TreMs, we tested
either stand mortality and decline or salvage logging as well as the
ligneous substrate predictors (i.e. 14 or 15 tested effects in total).
Likewise for biodiversity, we tested for the potential effects of
all predictors (i.e. 23 or 24 tested effects). Therefore, we respec-
tively adjusted the a-error p.value to 0.0036 or 0.0033 (as the re-
sult of 0.05/14 and 0.05/15) and 0.0022 or 0.0021 (as the result
of 0.05/23 and 0.05/24). In addition, we also tested for the direct
effect of stand decline and mortality, and salvage logging on the
abundance of the species summing at least 10 individuals and oc-
curring in at least 10% of the plots in each of the three contexts
(Figure 5). We used the same model structure as in the SEM for the
species abundance, that is, the tested predictor, a random site factor
in fir- and oak-dominated forests, and the negative binomial distri-
bution family.

3 | RESULTS

We found 27,299 individuals from 127 beetle species in fir-dominated
forests, 2341 individuals from 103 species in spruce-dominated
forests and 14,676 individuals from 238 species in oak-dominated

forests.

3.1 | Cascading effects of stand decline and
mortality and salvage logging on taxonomic and
functional a-diversity of saproxylic beetles

3.1.1 | Cascading effects mediated by TreMs

TreM trait dispersion was promoted by stand decline in fir-
dominated forests and by stand mortality in spruce-dominated
forests, promoting both xylophagous and mycetophagous in fir
context, and overall beetle abundance in spruce forests (Figures 2
and 3).

In addition, the density of trees bearing certain types of TreMs,
also promoted by either stand decline or mortality, positively
influenced certain guilds of beetles and community traits. In both
coniferous-dominated forests, the density of trees bearing saprox-
ylic TreMs promoted the overall Shannon index (Figures 2 and 3).

Changes in TreM trait values also led to changes in saproxylic
beetle communities. The decrease in value of substrate type bear-
ing TreMs—that is, less TreMs borne by living trees—had a negative
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effect on the abundance of xylofungicolous species in fir context

(Figure 2), and xylophagous species in spruce forests (Figure 3).

3.1.2 | Cascading effects mediated by ligheous
substrates

In addition to the numerous cascading effects observed via TreMs,
many other observed paths were directly due to changes in ligne-
ous substrates. In fir-dominated forests, we found that the decrease
in volume of living trees caused by stand mortality has negatively
affected the abundance of xylophagous beetles (Figure 2). Such living
tree volume reduction in spruce forests led to a decrease in dispersion
of the community preference in deadwood diameter (Figure 3).

Deadwood diversity promoted the abundance of xylofungic-
olous species in fir forests (Figure 2). In oak-dominated forests, the
increasing deadwood diversity caused by stand mortality promoted
the average community body size (Figure 4).

The increased volume of standing deadwood in fir-dominated
forests benefited the flower-visitor richness (Figure 2). In spruce-
dominated forests, while the volume of logs negatively affected the
overall beetle abundance, the increasing volume of standing
deadwood due to stand mortality markedly benefited the overall
abundance as well as the abundances of xylophagous, mycetophagous,
xylofungicolous and floricolous species (Figure 3).

In addition, the increasing amount of large and very large dead-
wood promoted the abundance of saproxylophagous in spruce-
dominated forests (Figure 3), while the reduction in very large trees
caused by stand mortality might have slightly reduced the overall
Shannon index (Figure 3). In contrast, in oak-dominated forests, the
increasing amount of large and very large deadwood has negatively
affected the abundance of mycetophagous species (Figure 4).

Moreover, in oak-dominated forests, the increasing amount of
less decayed deadwood due to stand mortality led to a reduction in
abundance and species richness of saproxylophagous species (Figure 4).
Similarly, we found that overall deadwood volume negatively affected
the xylofungicolous guild in the same context (Figure 4).

Furthermore, in spruce-dominated forests, the substrate
changes towards fewer living trees and more deadwood—that is,
CWM substrate—led to an average community preference for
more closed forest environments (Figure 3). Such shift in woody
substrate led to higher functional evenness in oak-dominated
forests (Figure 4). The more diverse substrates—that is, FDis
substrate—found in high mortality stands, favoured the species
richness of mycetophagous and xylofungicolous in spruce forests
(Figure 3) and the abundance of flower visiting beetles in oak con-
text (Figure 4).

3.2 | Cascading effects of salvage logging

We found that most of the negative effects of salvage logging on
saproxylic beetle guilds were linked to a reduction in certain TreMs.
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FIGURE 2 Results from structural equation modelling (SEM) for fir-dominated forests (Pyrenees region, drought disturbance). The

structure of SEM is ‘stand decline -> ligneous substrates -> tree-related microhabitats -> saproxylic beetles’. p.values are adjust based on the

number of potential effects—see Methods. Green lines show positive effects and brown lines negative ones. Solid lines show effects from
stand decline & mortality models, while dashed lines show effects from salvage logging ones. Line widths illustrate the magnitude of effects
(standardized estimates). The percentages are the marginalized R-squared for stand decline & mortality models (top) and salvage models
(bottom). ‘vol." =‘volume’; ‘LW’ ="Living Wood’; ‘DW' ='Deadwood’; ‘Ab." =‘Abundance’; ‘SR’ =‘Species Richness’; ‘FDis’ =‘Functional Dispersion’;
‘FRic’' ="'Functional Richness’; ‘Rich.’=‘Richness’; ‘Even’ =‘Evenness’; ‘ses’ = ‘standardized effect size'.
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FIGURE 3 Results from structural equation modelling (SEM) for spruce-dominated forests (Bavaria region, windstorm and insect-

outbreak disturbances). For additional information, see legend of Figure 2.
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FIGURE 4 Results from structural equation modelling (SEM) for oak-dominated forests (Loire region, drought disturbance). For additional
information, see the legend of Figure 2.

In firrdominated forests, the reduction in exposed wood TreMs

caused by standing deadwood harvest negatively affected the rich-

ness of saproxylophagous (Figure 2). In spruce-dominated forests,

abundances in xylophagous and saproxylophagous (Figure 3).

the marked decrease of TreM trait dispersion caused by log har-

vesting negatively affected overall beetle abundance, as well as the
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FIGURE 5 Species-scale responses (species or genus) in abundance to the decline and mortality severity, and salvage logging. Selection
of taxa present in at least 10% of sites and summing at least 10 individuals in each context. Results extracted from negative binomial
glmm including site random factor. Number of captured individuals next to taxa name. ‘Xyl.'=‘Xylophagous’; ‘Saprox.’ = ‘Saproxylophagous’;

‘Sap' ="'Sap-feeders’.

3.3 | Direct effects of stand decline and salvage
logging on the most abundant saproxylic beetle
species in each context

In fir-dominated forests, effects of both stand decline and mortality
were generally positive on the abundances of the most abundant sap-
roxylic species, with negative effects only found for several taxa—that
is, mainly Epuraea species and Pediacus dermestoides (Figure 5a). We
also noticed that only Nacerdes gracilis positively responded to both
stand decline and mortality (Figure 5a). In addition, we found that sal-

vage logging had positive effects on Pityophthorus pityographus and

Trypodendron lineatum (Figure 5a), and therefore, no negative effect
was observed on the most abundant species.

In spruce-dominated forests, we mostly found positive effects
of stand mortality (e.g. for Oxymirus cursor or Rhagium bifasciatum)
but also negative effects on Microbregma emarginatum and Micrambe
abietis (Figure 5b). Salvage logging in spruce-dominated forests pro-
moted the abundances of Ampedus nigrinus and Dasytes obscurus,
while also decreased abundances of Peltis ferruginea and Acrotrichis
species (Figure 5).

In oak-dominated forests, stand decline had an overall positive

effect on the most abundant taxa while stand mortality had an
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inverse effect, negatively affecting the abundance of most of the

taxa, except Lymexylon navale (Figure 5c).

4 | DISCUSSION

4.1 | Cascading effects of stand decline on beetle
taxonomic and functional diversity

Stand decline and mortality generally promoted saproxylic beetle
abundances in conifer-dominated forests, partially supporting our
first hypothesis and previous findings (Cours et al., 2021, 2022; Sallé
et al., 2020; Viljur et al., 2022). In oak forests, however, stand de-
cline only has shown a positive effect, whereas mortality mostly had
negative effects, consistent with Le Souchu, Cours, et al. (2024) on
hymenoptera. Our study advances earlier work by explicitly identify-
ing how stand decline and mortality affect saproxylic beetle com-
munities through changes in TreM and deadwood substrates—that is,

the cascading pathways.

41.1 | The consistent importance of deadwood and
TreM diversity for saproxylic beetle abundance in
context of forest stand decline

Deadwood diversity emerged as a key factor in all forest contexts,
promoting beetle abundances or community average size. Previous
studies have identified deadwood diversity as a consistent predictor of
saproxylic beetle diversity in temperate forests (Bouget et al., 2013).
A diverse deadwood pool provides high-quality substrates for spe-
cialist species (e.g. large diameter logs; Lachat et al., 2013; Simila
et al., 2003).

TreMs were also central for explaining cascading effects during
stand decline in coniferous forests, especially supporting over-
all abundance and dominant species. The relationship between
habitat heterogeneity and biodiversity is well established. The
habitat-heterogeneity hypothesis predicts that diverse habitats pro-
mote species richness through niche differentiation, whereas the
more-individuals hypothesis suggests that increased resource avail-
ability first boosts abundance, which then secondarily enhances
species richness (Clarke & Gaston, 2006; Miller et al., 2018; Seibold
et al., 2016). Our results rather support the more individual mech-
anism since most cascading pathways promoted beetle abundance:
higher deadwood diversity and TreM trait dispersion likely re-
flecting greater resource availability for saproxylic beetles (Mdller
et al., 2018). For instance, the standardized Shannon index primarily
tracked changes in dominant species, highlighting an effect on abun-
dance rather than species richness.

Saproxylic TreMs were especially influential, promoting domi-
nant species. They are known to be among the central microhabi-
tats produced during the stand decline process (Bouget et al., 2024;
Chowdhury et al.,, 2024; Przepiora & Ciach, 2025). Our results
demonstrate that, in addition to deadwood, TreMs are great support

for the saproxylic biodiversity and therefore need to be better rec-

ognized in conservation.

4.1.2 | Snags as key habitat in declining
spruce-dominated forests

Snags emerged as a major driver of abundance of almost all trophic
guilds in spruce forests, reflecting their central role in supporting
saproxylic biodiversity in this context (Bouget et al., 2014). Snags are
known to provide high-quality habitat supporting saproxylic beetle
assemblages (Bouget et al., 2012, 2014; Cours et al., 2021; Kozak
et al., 2021; Parisi et al., 2018). Their importance is particularly pro-
nounced in coniferous forests, where snags are often the primary
source of cracks and polypores, microhabitats that are rare on liv-
ing trees (Larrieu & Cabanettes, 2012). In fir forests, in the context
of salvage logging, snags supported saproxylophagous richness by
bearing exposed wood TreMs. For instance, Cis punctulatus, a my-
cetophagous species preferring tall snags (Hjaltén et al., 2010), re-
sponded positively to spruce stand mortality.

In contrast, lying deadwood exhibited opposite effects in spruce-
dominated forests. Despite similar decay stages and diameters to
standing deadwood (Figure S7), greater log volumes were associated
with lower overall abundance, particularly among mycetophagous
species. This finding is unexpected given that logs typically comple-
ment snags in enriching local species pools (Bouget et al., 2012; Graf
et al., 2022; Hjaltén et al., 2010; Jonsell & Weslien, 2003). Because
snag and log volumes were not negatively correlated (Figure S3c),
reduced abundance associated with logs likely reflects unmeasured
ecological processes, such as resource specialization or species in-
teractions. Future work should assess species-level preferences for
snags versus logs and investigate potential negative interactions—for
example, competition or habitat exclusion—that may structure com-

munities in declining spruce stands.

4.2 | Contrasts between the effects of canopy
decline and tree mortality

Our results support the hypothesis that stand decline and stand mor-
tality exert distinct influences on saproxylic beetle communities. In
fir-dominated forests, stand decline indirectly favoured xylophagous
species. In oak-dominated forests, although overall responses of the
xylophagous community were not significant, higher proportions of
declining trees promoted several early-stage xylophagous species, that
is, Agrilus biguttatus, A. laticornis or A. sulcicollis and Coraebus undatus
(Le Souchu, Bouget, & Sallé, 2024; Sallé et al., 2020). Decline thus rep-
resents an early successional stage where stressed living trees provide
abundant resources for opportunistic colonizers (Stokland et al., 2012;
Thorn et al., 2016; Wermelinger et al., 2025), particularly in drought-
affected systems where tree death unfolds slowly.

In contrast, stand mortality generated divergent cascading ef-
fects depending on forest context. In coniferous-dominated forests,
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mortality advanced succession dynamics by promoting saproxylo-
phagous species (e.g. Nacerdes gracilis, Rhagium bifasciatum) that typ-
ically colonize after xylophagous pioneers (Lettenmaier et al., 2026).
In oak-dominated forests, however, mortality seems to have stopped
the species succession by reducing saproxylophagous abundance and
richness. The harvest of valuable trees in this context may have had
confounded effects that led to the observed negative results.

These contrasting patterns may stem from inherent differences in
wood physical and chemical properties. Oak decomposition is slower
and shaped by distinct wood-decay fungal pathways (mostly fibrous
white-rot) compared with conifers, which typically mostly host cubic
brown-rot (Kahl et al., 2017). Although short-term effects of fungal
communities on beetles appear limited (Sbaraglia et al., 2025), they
could exert long-term effects via priority effects (Weslien et al., 2011).
Microclimatic context likely further amplifies these contrasts: in co-
niferous forests at high altitudes and/or latitudes, canopy openings
may warm deadwood while abundant precipitation maintains wood
moisture—conditions favourable for colonization (Harmon et al., 2020;
Sbaraglia et al., 2025; Seibold et al., 2016). Conversely, in warm, dry
lowland oak forests, openings likely accelerate deadwood desiccation,
reducing suitability for many saproxylic taxa (Harmon et al., 2020).
Additionally, continued logging in oak forests may have negatively af-
fected saproxylic beetles and confound results (Thorn et al., 2018).

4.3 | Context dependency of stand decline and
mortality effects

Stand mortality was most severe in spruce-dominated stands,
which showed the highest deadwood volumes—up to 438 m3.ha™?
(Figure S1)—and the sharpest contrast between low and high stand
decline levels (see Table 1). In contrast, TreMs diversity was greatest
in fir-dominated forests (Figure S1). Although oak-dominated forests
displayed high TreM trait diversity, mean TreMs abundances were
consistently lower than in coniferous forests (Figure S1), despite
oak's general tendency to host more TreMs and in higher diversity
(Courbaud et al., 2022; Vuidot et al., 2011). This discrepancy likely
reflects the effects of ongoing salvage logging in the oak context.
These structural contrasts generated distinct cascading effects
on saproxylic beetle communities across forest contexts (Cours
etal., 2021, 2023; Sallé et al., 2021; Viljur et al., 2022).

Each declining context also supported distinct beetle communi-
ties aligned with different successional stages. In spruce-dominated
forests, the rapid and severe mortality triggered by Ips typographus
occurred several years before sampling. Consequently, we observed
only one dominant xylophagous species—Pityophthorus pityogra-
phus—and a negative effect of mortality on xylophagous richness due
to the loss of TreMs borne by living trees. This pattern parallels ob-
servations from Switzerland, where xylophagous beetles peak in the
5years following windstorm and subsequently collapse to near-zero
levels (Wermelinger et al., 2025). In contrast, slow drought-driven
decline in fir and oak forests allowed overlap between early- and
late-successional beetle groups.
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Wider landscape contexts likely participated in the observed dif-
ferences between regions through varying colonization dynamics. For
instance, decline in conifer-dominated forests occurred within a less in-
tensively managed matrix—specifically, the unmanaged stands in spruce
forests and the presence of high-altitude old-growth remnants in the
Pyrenees fir forests (Barredo et al., 2021). These areas likely served as
regional species pools (or ‘continents’ sensu MacArthur & Wilson, 1967),
facilitating the colonization of the newly available resource patches in
these two contexts and supporting the robust cascading responses we
observed (Busse et al., 2022). In contrast, the more isolated and scat-
tered unmanaged oak patches in the Loire Valley landscape may have
limited the immigration of specialized saproxylic guilds, thereby damp-
ening the community-level response to stand decline.

Flower-visiting beetles also showed strong context dependency,
likely reflecting variations in canopy openness among them. Their rel-
ative abundance was lowest in fir-dominated forests compared with
the two other contexts. Slow drought-driven decline in fir-dominated
forests produces limited canopy opening compared with the more
severe decline in spruce forests, and the more actively logged oak
forests (Cours et al., 2021). Moreover, many shade-tolerant seedlings
and saplings occur in such small canopy openness in fir forests that
could have further reduced flower abundances. Canopy openness
is a key driver of beetle assemblages (Bouget et al., 2013), and more
broadly, forest insect communities (Sire et al., 2022), as sun-exposed
deadwood typically hosts more species than shaded substrates
(Lettenmaier et al., 2022; Seibold et al., 2016).

Tree mortality in spruce-dominated forests unexpectedly fa-
voured species preferring shadier environments. Although canopy
loss should increase solar exposure, the dense tree regeneration
might have recreated shaded conditions that benefited this beetle
community (Sbaraglia et al., 2025).

Overall, our results underscore the strong context depen-
dency of stand decline and mortality effects (Catford et al., 2022).
Cascading ecological responses varied depending on dominating
tree species, biogeographical and landscape settings and the natural
disturbance type (Cours et al., 2023). Methodological differences—
most notably, distinct trapping methods and sampled vertical stra-
tum between oak and conifer contexts—likely contributed to some
of the observed contrasts. Nevertheless, our study clarifies how in-
teracting structural and ecological factors drive divergent saproxylic
beetle responses across European forest contexts. Given the rising
frequency, severity and extent of natural disturbances and forest
stand decline globally (Allen et al., 2015; McDowell et al., 2020;
Samaniego et al., 2018; Seidl et al., 2017; Viljur et al., 2022), address-
ing this complexity is increasingly crucial for conserving biodiversity

in rapidly changing forest landscapes.
4.4 | Salvage logging had contrasting effects across
saproxylic guilds

We partly confirmed our hypothesis that salvage logging negatively
affects local saproxylic beetle community via resource depletion
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(Lindenmayer et al., 2008; Thorn et al., 2018). Salvage logging primar-
ily reduced TreM trait dispersion and exposed wood ones, leading to
declines in several saproxylic guilds in both coniferous contexts. These
findings further emphasize the central role of TreMs in sustaining sap-
roxylic beetle communities, both under conditions of habitat enrichment
and habitat loss. Salvage logging specifically impacts saproxylophagous
beetles because it removes decayed deadwood—a critical resource that
is harvested before it can form (Priewasser et al., 2013).

However, salvage logging also promoted the abundances of flori-
colous and saproxylophagous species in spruce-dominated forests.
Because many adult saproxylophagous beetles are also floricolous
(e.g. numerous Cerambycidae species; see Figure S5), this positive
effect is likely driven by this adult-related trait—that is, saproxyloph-
agous trophic trait being related to larval stage. This pattern agrees
with previous studies showing that salvage logging promotes floric-
olous species (Heil & Burkle, 2018; Thorn et al., 2016; Wermelinger
et al., 2025). In montane forests, salvage logging creates canopy
openings and soil disturbances that promote the establishment of
flowering plants such as Epilobium angustifolium, as well as species
from the Apiaceae, Asteraceae or Campanulaceae families, thereby
enhancing pollinator resources (Orczewska et al., 2019; Swanson
et al., 2011; Thorn et al., 2016; Wermelinger et al., 2025).

5 | CONCLUSION

Our study shows that forest stand decline generally enhances sap-
roxylic beetles in European coniferous forests and identifies the
cascading habitat-mediated mechanisms driving these responses.
Increased diversity in deadwood and tree-related microhabitats gen-
erally boosted overall beetle abundance, and standing dead trees
played a key role in spruce-dominated forests affected by windstorm
and bark beetle outbreaks. Decline and mortality triggered different
successional pathways depending on forest context. These mecha-
nisms were strongly context dependent, underscoring the need to
better understand how decline processes vary across forest contexts
under a rapidly changing climate.

Conversely, the harvest during salvage logging of habitat trees
that developed rich diversity of TreMs and deadwood after natural
disturbance bears most of the detrimental effects. These findings
are consistent with earlier evidence of the detrimental impacts of
salvage logging on forest biodiversity (Lindenmayer et al., 2008;
Thorn et al., 2018, 2020).

We therefore advocate for the conservation of declining for-
est stand patches as temporary biodiversity refugia for saproxylic
beetles. At minimum, retaining TreM-rich large snags during salvage
logging operations can provide essential ‘lifeboats’ for saproxylic
beetles and help sustain biodiversity.
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Figure S1. Mean and range values (bold line=confidence interval at
95%, thin line=range of the minimum and maximum values) of the
explanatory variables. Deadwood volume is presented in m®.ha™t. The
abundance of TreMs is to understand as the number of trees bearing
the specific set of TreMs, in nb.ha™.

Figure S2. Mean and range values (bold line =confidence interval at
95%, thin line=range of the minimum and maximum values) of the
response variables.

Figure S3. Spearman's correlation between the predictors (left: woody
elements, right: TreMs) tested in SEMs, for each context. Only the

significant correlations are shown (at p <0.05).

Figure S4. Spearman's correlation between biodiversity variables in
fir-dominated forests.

Figure S5. Spearman's correlation between biodiversity variables in
spruce-dominated forests.

Figure S6. Spearman's correlation between biodiversity variables in
oak-dominated forests.

Figure S7. Characteristics of woody substrates in each forest context.
Average values and confidence interval based on substrate trait data.
Figure S8. List of species in fir-dominated forests and their abundance
(log-transformed) within each studied plot. Classes of forest mortality.
Figure S9. List of species in spruce-dominated forests and their
abundance (log-transformed) within each studied plot. Classes of
forest mortality.

Figure S10. List of species in oak-dominated forests and their
abundance (log-transformed) within each studied plot. Classes of
forest mortality.

Table S1. Sampling coverage (SC) for each plot for each forest context.
(In spruce forest context, T3_5 has been removed due to too low
sampling coverage for the subsequent analysis).

Table S2. Sample completeness chosen for overall community and

ecologic guilds in each context.
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