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Abstract

Context Many forest ecosystems around the world are facing increasing drought-induced dieback, causing
mortality patches across the landscape at multiple scales. This increases the supply of biological legacies
and differentially affects forest insect communities.

Objectives We analysed the relative effects of local- and landscape-level dieback on local saproxylic beetle
assemblages. We assessed how classical concepts in spatial ecology (e.g., habitat-amount and habitat-patch
hypotheses) are involved in relationships between multi-scale spatial patterns of available resources and
local communities.

Methods We sampled saproxylic beetle assemblages in commercial fir forests in the French highlands.
Through automatic aerial mapping, we used percentage of dead tree crown pixels to assess dieback levels at
several nested spatial scales. We analysed beetle taxonomic, phylogenetic and functional diversity related
to differing levels of multi-scale dieback.

Results We found that taxonomic, functional, and phylogenetic diversity of saproxylic beetle assemblages
significantly benefitted from forest dieback, at both local and landscape scales. We detected significant
effects in the multiplicative models combining local and landscape variables only for phylogenetic diversity.
Increased landscape-scale dieback also caused a functional specialisation of beetle assemblages, favouring
those related to large and well-decayed deadwood.

Conclusions Increasing tree mortality under benign neglect provides conservation benefits by hetero-
genising the forest landscape and enhancing deadwood habitats. Legacy retention practices could take
advantage of unharvested, declining forest stands to promote species richness and functional diversity
within conventionally managed forest landscapes.
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Résumé

Contexte Beaucoup d’écosystèmes forestiers à travers le monde font de plus plus face à des dépérisse-
ments causés par des sécheresses. Ces derniers augmentent l’apport d’héritage biologiques et affectent
differentiellement les communautés d’insectes forestiers.

Objectifs Nous analysons les effets relatifs des niveaux de dépérissement aux échelles locale et paysagère
sur les assemblages locaux de coléoptères saproxyliques. Nous avons évalué de quelle manière les concepts
classiques d’écologie du spatial (e.g., les hypothèses de quantité d’habitat et de patch d’habitat) sont
impliqués dans les relations entre les configurations spatiales multi-échelles des ressources disponibles et
les communautés locales.

Méthode Nous avons échantilloné les assemblages de coléoptères dans les forêts de sapin de montagne sous
gestions. À travers une cartographie aérienne automatique, nous avons utilisé le pourcentage de pixels de
couronnes d’arbre mortes en tant qu’évaluation du niveau de dépérissement à différentes échelles spatiales
emboîtées. Nous avons alors analysé la réponse des diversités taxonomic, fonctionnelle et phylogénétique
aux différents niveaux de dépérissement milti-échelles.

Résultats Nous avons mis en avant que les diversités taxonomic, fonctionnelle et phylogénétique des
assemblages de coléoptères saproxyliques ont significativement bénéficié du dépérissement forestier, tant à
une échelle locale que paysagère. Nous n’avons détecté des effets significatifs dans les modèles multiplicatifs
combinant des variables locale et paysagère, que pour la diversité phylogénétique. Une augmentation du
dépérissement à l’échelle du paysage a aussi causé une spécialisation fonctionnelle des assemblages de
coléoptère, favorisant ceux associés à de gros bois morts fortement décomposés.

Conclusions L’augmentation de la mortalité des arbres associé à une stratégie de rétention des héritages
fournit des bénéfices de conservation à travers l’hétérogénéisation du paysage forestier et l’amélioration
des habitats bois mort. Les pratiques de conservation des héritages pourraient tirer parti des peuplements
forestiers non exploités et dépérissants pour promouvoir la richesse des espèces et la diversité fonctionnelle
dans les paysages forestiers gérés de manière conventionnelle.

Mots-clés: Echelle de l’effet; Coléoptères saproxyliques; Changement climatique; Dépérissement forestier;
Sécheresse; Héritage de perturbation

1 Introduction

Natural disturbances are major drivers of forest spatial and temporal dynamics (Bowd et al., 2021; Kuuluvainen,
2016; Pickett and White, 1985). Multiple disturbance complexes shape the structural heterogeneity of forests
and generate key resources such as tree-related microhabitats, canopy gaps, snags, and logs, generally referred
to as disturbance legacies (Franklin et al., 2000; Johnstone et al., 2016), which are colonised by diverse, and
often specific communities (Kuuluvainen, 2016; Lachat et al., 2016; Swanson et al., 2011). Among them,
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saproxylic beetles are a highly diverse group of insects that depend on dead or decaying wood for at least
part of their life cycle and play important ecological roles by participating in carbon and nutrient cycles or by
complexifying trophic chains (Stokland et al., 2012). However, current silvicultural practices tend to reduce
deadwood-related resources and microhabitats (Courbaud et al., 2022; Grove, 2002; Paletto et al., 2014;
Siitonen, 2001). As a consequence, saproxylic beetles are at considerable risk in intensively managed forests
(Grove, 2002; Seibold et al., 2015), and 17.9% of saproxylic beetle species are now considered threatened in
Europe (Calix et al., 2018).
Climate change alters natural disturbance regimes: warmer and drier conditions facilitate drought, wildfire,
and insect outbreaks (Seidl et al., 2017). Lately, several large drought-related dieback events have been
reported (Sangüesa-Barreda et al., 2015), and a further increase in drought-induced dieback and decline in
terms of frequency, intensity, and spatial extent is expected to arise (Allen et al., 2010; Samaniego et al.,
2018). As a consequence, deadwood supply, number of tree-related microhabitats and canopy openness are
likely to increase and this may favour saproxylic populations (Cours et al., 2021; Müller et al., 2010; Sallé
et al., 2020, 2021; Thorn et al., 2017). Several local-scale (i.e. less than 0.5 ha) studies have highlighted
different positive relationships between saproxylic beetle populations and forest dieback: (i) pest-related
dieback from large outbreaks of spruce bark beetles (Ips typographus, Linnaeus, 1758) resulted in an increase
in saproxylic beetle species richness, including many red-listed species (Beudert et al., 2015; Cours et al.,
2021) and (ii) drought-related dieback of Quercus spp. also increased saproxylic beetle species richness
(Sallé et al., 2020). It has therefore been hypothesised that declining stands may improve habitat conditions
for threatened forest communities such as saproxylic beetles (e.g., Kašák and Foit, 2018; Müller et al., 2010;
Sallé et al., 2021). However, these studies have mainly focused on local conditions, regardless of the severity
of forest dieback at broader scales. Yet, many previous studies have highlighted the fact that the diversity and
structure of local saproxylic beetle communities may also depend on large scale, i.e. landscape, conditions
(e.g., Franc et al., 2007; Gibb et al., 2006; Haeler et al., 2021; Økland et al., 1996). Sampling area size
influences the detection of biodiversity responses to environmental conditions, a phenomenon known as "the
scale of effect" (Jackson and Fahrig, 2015; Levin, 1992; Wiens, 1989). Insects are often highly mobile; they
spread across landscapes in search of new resources, habitats, and/or reproductive partners (Janssen et al.,
2016; Komonen and Müller, 2018; Ranius, 2006) and this mobility may result in potentially large scales of
effect (Bergman et al., 2012; Seibold et al., 2017).
The relationship between spatial patterns of available resources and the number of associated species has
been explored through several concepts based on ecological mechanisms. Within a given sampling area, the
"habitat-amount hypothesis" predicts that the cumulative amount of habitat patches at the landscape scale
better explains species richness than does local patch size (Fahrig, 2013; Seibold et al., 2017). In contrast,
the "habitat-patch hypothesis", based on island-biogeography theory, assumes that local species richness
is mainly restricted by local patch size and isolation (Fahrig, 2013; MacArthur and Wilson, 1967; Seibold
et al., 2017). The "resource concentration hypothesis" predicts that the occurrence of a particular resource
patch in the landscape induces a concentration of the species specialising on that resource, while at the same
time, over-availability of that particular resource, exceeding the reproductive and colonising capacity of the
associated species, could lead to a "dilution effect" (i.e. a large amount of substrate could lead to a reduction
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in the species load colonising the substrate; Otway et al., 2005). Hence, assessing the relative contribution
of both local and landscape conditions on local biodiversity may well be critical; unfortunately, it is often
challenging (Ammer et al., 2018). In recent decades, remote sensing and aerial photography have been
widely used to monitor forest conditions and forest disturbances such as fires, defoliation or deforestation at
large and nested spatial scales (e.g., Lambert et al., 2013; Senf and Seidl, 2021a).
Furthermore, most studies focus on the taxonomical responses of biological communities to forest dieback
(Cai et al., 2021, but see Kozák et al., 2021; Sire et al., 2022; Thorn et al., 2014). Nonetheless, phylogenetic
and functional diversity are highly relevant indicators of ecosystem functioning (Devictor et al., 2010).
Phylogenetic diversity reflects the evolutionary history of a community through lineage relatedness while
functional diversity reflects the diversity of the phenotypical traits selected by a particular environment, i.e.
biotic and abiotic filters (Devictor et al., 2010; Kozák et al., 2021). Consequently, few studies have monitored
taxonomic, functional, and phylogenetic responses of arthropods to forest disturbances at various spatial
scales (Kozák et al., 2021).
In our study, we investigated how multi-scale forest dieback shaped local saproxylic beetle assemblages
through several diversity dimensions. We analysed aerial photographs with machine-learning algorithms to
map dead tree crowns and monitor dieback in silver fir forests in the French Pyrenees. After assessing dieback
level at several nested spatial scales, we focused on the taxonomic (α-diversity), phylogenetic, and functional
responses of local saproxylic beetle assemblages to the multi-scale spatial structure of the forest dieback.
This analysis would be seen as a progress of results from Cours et al., (2021) in which we only studied
consequences of local forest dieback on local saproxylic beetle assemblages. Finally, through multiplicative
models (with interaction), we investigated subsequent mechanisms of forest dieback effects on the saproxylic
beetle assemblages.
As a consequence of the increase in deadwood amount and light availability, we expected positive responses
from the saproxylic beetle assemblages along the gradient of forest dieback at several spatial scales (Bouget
et al., 2014; Müller et al., 2010; Seibold et al., 2016). We also expected positive responses from several
substrate guilds: firstly wood-eating species, due to an increase in the amount of deadwood; secondly,
fungicolous species, due to an increase in the abundance of saprolignivorous fungal fruiting bodies; and
thirdly, cavicolous species, due to an increase in the number of cavities in dying trees (Cours et al., 2021;
Ojeda et al., 2007; Sallé et al., 2021). In addition, we predicted community preferences for larger and more
decayed deadwood along the dieback gradient, resulting from the increased amount of deadwood (Gossner
et al., 2013). Furthermore, we expected an increase in functional and phylogenetic diversity of saproxylic
beetles, mainly due to the increase in deadwood diversity (as a proxy of niche diversity; Cours et al., 2021;
Seibold et al., 2016). In parallel, saproxylic beetles having relatively great dispersal capacities (Komonen
and Müller, 2018; Ranius, 2006), we expected greater responses to landscape conditions, than local one
(Seibold et al., 2017). Finally, we tested the interactive effects between the local and landscape scales on local
saproxylic beetle assemblages, expecting no significant interactions since both scales should additionally
affect assemblages (Seibold et al., 2017).
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2 Materials and methods

2.1 Site description

A total of 56 plots were chosen in montane forests dominated by silver fir (Abies alba Mill.). The plots were
located in two montane regions in the French Pyrenees: 28 plots in the Aure Valley in the Central Pyrenees
(854 to 1570 m a.s.l., 1298 m on average; 42° 51’46.8" N 0° 36’08.9" E) and 28 plots on the limestone Sault
Plateau in the Eastern Pyrenees (705 to 1557.3 m a.s.l., 1029 m on average; 42° 50’58.7" N 2° 00’41.3" E)
(Fig. 1). The average distance between study plots was 860 m (standard deviation (SD) ± 469 m), with a
minimum value at 296 m and a maximum at 2439 m. Forests occupied 50% of the Aure Valley and 75% of
the Sault region (Fig. 1). Silver fir dominated in 70% (95% confidence interval (CI95) ± 12%) of the forests
surrounding our plots in the Aure Valley and in 88% (CI95 ± 5%) of the forests on the Sault Plateau. The
secondary species were mainly Norway spruce (Picea abies (L.) H. Karst, 1881) and European beech (Fagus
sylvatica L.). Most of the forest stands surrounding our study plots were managed for timber production. The
plots were set up to reflect a gradient of dieback severity at the local scale; the dieback was measured in 2017
and was mainly induced by drought events over the last 30 years (Figs. S3–S5). In addition, local dieback
conditions were cross-referenced with the empirical level of dieback in the landscape surrounding each study
plot.

2.2 Beetle sampling, identification and characterisation

Saproxylic beetles were captured in two flight–interception traps per plot, each at least 20 m from the other,
for a total of 112 traps in the 56 plots studied. Therefore, the traps were placed around the centre of each study
plot. The traps consisted of a crossed pair of transparent plastic shields (40 × 60 cm) above a funnel leading
into a container filled with an unbaited preservative (50% propylene glycol and 50% water with detergent).
The traps were hung roughly 1.5 m above the ground near the centre of the plot and were sampled every month
from mid-May to mid-September 2017. All the saproxylic beetles collected were identified to the highest
possible taxonomic level (i.e. 83% at the species level, 2% at the genus level and 15% at the family level only
(we retained the genera in which at least 100% of French species are known to be saproxylic, and families
in which at least 75% of French species are known to be saproxylic), see Tab. S4; see Acknowledgments
for the identifiers). We used the FRISBEE database to characterise species trophic guild at the larval stage
(wood-eating, i.e. both xylo- and saproxylophagous species), substrate guild (cavicolous or fungicolous),
and species rarity (rare vs. common) (Tab. 1; Bouget et al., 2005, 2019). We used genera and families only
for global metrics, i.e. abundance and species richness of all saproxylic beetles.
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2.3 Monitoring forest dieback

Figure 1: Map of the study sites. Grey areas correspond to Abies alba distribution.

2.3 Monitoring forest dieback

2.3.1 Data acquisition

Colour infrared aerial photographs with a 1 m resolution were downloaded from the French National Geo-
graphical Institute (NGI) for our two study regions (https://geoservices.ign.fr). As NGI aerial photographs
are taken approximately every 5 years, we looked for the past photographs closest to our insect sampling year
(2017): photographs taken in 2016 for the Aure Valley and in 2015 for the Sault Plateau. We then extracted
the forested areas from the colour infrared aerial photographs thanks to a land cover map based on Sentinel-2
images and deleted roads and paths (Inglada et al., 2017).

2.3.2 Machine learning process

We manually constructed vector training data through on-screen interpretation (Fig. 2c), resulting in 4256
polygons for four land cover classes: 1,743 polygons of dead crowns (41%), 1606 of living trees (37.7%),
212 of shady areas (5%), and 695 polygons of bare soil (e.g. meadows; 16.3%). We implemented a machine
learning algorithm with the Orfeo Toolbox (OTB) software and we applied both a Pixel-based image analysis
(PBIA) and an Object-based image analysis (OBIA) (Grizonnet et al., 2017).
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2.3 Monitoring forest dieback

Figure 2: Machine learning process: a natural colour (RGB) and b infrared colour (IRC) orthophotos of
a forest composed of living and dead trees. Dead crowns are easily identifiable by their grey colour due
to a lack of photosynthetic activity. We identified four types of polygons in a vector training layer (dead
crowns, living trees, shady areas and bare soil—only dead crowns in c, to train a machine learning model
with the random forest algorithm. d shows the result of the subsequent dead crown pixel classification in pale
orange). All the images were taken from the centre point: lat. 488,182.46, lon. 6,205,612.67 (Lambert-93,
EPSG:2154)

In the PBIA, we ran a Random Forest (RF) classification model (Breiman, 2001). RF is a widely used
machine learning classification algorithm relying on a set of decision trees (Breiman, 2001; Immitzer et al.,
2016). Fifty percent of the training vectors were used to train the classification model (proposed by default
in the OTB) while the other fifty percent were used to validate the classification model.
In the OBIA, we performed segmentation on the colour infrared aerial photographs with the Large Scale
Mean Shift method implemented in OTB (De Luca et al., 2019; Immitzer et al., 2016). We used a minimum
size of four pixels (4 m2). As for the PBIA, we ran a RF model to classify the segmented vectors (Breiman,
2001; Immitzer et al., 2016).
In both approaches (PBIA and OBIA), we used the RF default setting values in OTB to train and classify
the processes for optimal results (De Luca et al., 2019). Therefore, the maximum depth of the tree was set
to 5, the maximum number of trees in the forest to 100 and the out-of-bag error was set to 0.01. The two
RF classification models showed very similar accuracy results as measured by the Kappa index (PBIA: 0.72;
OBIA: 0.68). Since OBIA does not facilitate dead crown classification compared to PBIA (see Immitzer
et al., 2016 with tree species classification), we used only the results from the PBIA method, which requires
less computer memory capacity (Grizonnet et al., 2017).

2.3.3 Measuring forest dieback at the landscape scale

We used our RF classification model with the PBIA approach to identify the dead crown pixels over large
areas around our study plots. Our approach did not allow us to assess dead-tree density so we estimated the
cumulative surface area of the dead and dying tree parts, i.e. the dead crowns (Larrieu et al., 2018). We then
mapped and summed the dead crown pixels to assess a level of forest dieback over several spatial scales. We
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2.3 Monitoring forest dieback

designated several nested buffer zones around our study plots in order to describe forest dieback along the
gradient from the local to the landscape scale. The zones had radii of 25, 200, 500, 800, 1100 and 1500
m; we summed dead crown pixels in each of these buffer zones and we divided them by each buffer areas
to assess a percentage of dead crown pixels (Tab. 1). Finally, for each buffer zone, we randomly selected
non-overlapping buffers for the analysis, resulting for the 25 m buffer in 56 plots, 54 plots in the 200 m
buffer, 35 plots in the 500 m buffer, 28 plots in the 800 m buffer, 25 plots in the 1100 m buffer, and 20
plots in the 1500 m buffer. We did not designate larger buffer zones to avoid further data degradation due
to overlapping buffers. Hereafter, we designated the 25 m radius as describing local conditions, the 200 m
radius as intermediate landscape and the larger radius as landscape-scale conditions (Fig. S.7).
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2.3 Monitoring forest dieback

Table 1: Overview of the predictors and response variables used in our study.

Variable Definition Mean ± CI95% Range (min-max)
Predictors

Forest dieback severity

25 m-scale Percentage of DCP within the 25 m radius 3 ± 1.2 0–19
200 m-scale Percentage of DCP within the 200 m radius 2.4 ± 0.9 0.01–11.1
500 m-scale Percentage of DCP within the 500 m radius 2.1 ± 1.01 0.02–10.4
800 m-scale Percentage of DCP within the 800 m radius 1.98 ± 1.02 0.02–8.7
1100 m-scale Percentage of DCP within the 1100 m radius 1.7 ± 0.96 0.02–7.2
1500 m-scale Percentage of DCP within the 1500 m radius 1.9 ± 1.17 0.02–7.4
Responses

All species

Abundance Abundance of all saproxylic beetles 820 ± 142 179—3052
Richness Species richness of all saproxylic beetles 83 ± 4 51–123
Common species

Abundance Abundance of common saproxylic beetles 715 ± 122 120–2716
Richness Species richness of common saproxylic beetles 70 ± 4 43—105
Rare species

Abundance Abundance of rare saproxylic beetles 22 ± 9 3–245
Richness Species richness of rare saproxylic beetles 6 ± 0.5 2–11
Wood-eating species

Abundance Abundance of wood-eating beetles 548 ± 119 104–2589
Richness Species richness of wood-eating beetles 31 ± 2 16–50
Cavicolous species

Abundance Abundance of cavicolous beetles 50 ± 8 8–143
Richness Species richness of cavicolous beetles 11 ± 1 3–21
Fungicolous species

Abundance Abundance of fungicolous beetles 242 ± 29 41–622
Richness Species richness of fungicolous beetles 33 ± 2 17–47
Phylogenetic diversity

SES faith’s PD Faith’s standardized phylogenetic diversity -1.35 ± 0.2 -3.0 to 0.2
Variability Phylogenetic species variability 0.9 ± 0.002 0.88–0.91
Evenness Phylogenetic species evenness 0.78 ± 0.03 0.35–0.87
Functional diversity (Mouillot et al., 2013; Villéger et al., 2008)

Richness Functional richness 44 ± 2 28–67
Divergence Functional divergence 0.81 ± 0.02 0.63–0.94
Evenness Functional evenness 0.59 ± 0.01 0.51–0.67
Community weighted mean (CWM)

DW diameter Mean trait value of deadwood diameter preference 2.23 ± 0.03 1.96–2.49
DW decay Mean trait value of deadwood decay preference 2.48 ± 0.07 2.1–3.14
Canopy closure Mean trait value of canopy-closure preference 1.68 ± 0.02 1.39–1.87
Body size Mean trait value of body size 4.9 ± 0.4 2.9–9.9
Functional dispersion (FDis)

DW diameter Trait variance of deadwood diameter preference 0.54 ± 0.04 0.28–0.98
DW decay Trait variance of deadwood decay preference 0.7 ± 0.05 0.26–0.95
Canopy closure Trait variance of canopy-closure preference 0.75 ± 0.04 0.39–1.2
Body size Trait variance of body size 0.73 ± 0.08 0.24–0.32

DCP = dead crown pixels, CWM = community-weighted means, FDis = functional dispersion, DW = deadwood
rare species = patrimonial value ≥ 3 in France
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2.4 Statistical analysis

2.4 Statistical analysis

Data analysis was conducted with R software 4.0.0 (R Core Team, 2023). Firstly, we pooled the two traps
from each plot and calculated abundance and species richness for the substrate and trophic beetle guilds. We
also calculated abundance and species richness for both common and rare saproxylic beetle species as well as
the total abundance and species richness. Furthermore, to account for missing data, we incorporated the log
coefficient based on the number of undisturbed sampling months weighted by monthly arthropod abundance
into all models as an offset (trap sometimes destroyed).
Secondly, to assess functional diversity indices for the community, we extracted quantitative values for
preferred deadwood diameter and decay level for larval development, canopy openness preference, and mean
body size for each of the captured saproxylic beetle species, as in (Gossner et al., 2013; Janssen et al., 2017).
For each plot, we calculated two multidimensional indices: community-level weighted means (CWM) and
functional dispersion (FDis), defined as the mean and dispersion of the trait values weighted by the relative
abundance of each species according to their values of quantitative functional traits (Tab. 1; dbFD function,
FD R-package; Laliberté et al., 2014). In addition, we calculated the three functional diversity indices
proposed by Villéger et al. (2008) based on four quantitative functional traits (i.e. preferences in deadwood
diameter and decay and canopy openness, and mean body size) (Tab. 1): (i) functional richness (FRic), i.e.
"the range of functional space filled by the community"; (ii) functional divergence (FDiv), which "relates
to how abundance is distributed within the volume of functional trait space occupied by the community";
and (iii) functional evenness (FEve) or "the evenness of abundance distribution in a functional trait space"
(Villéger et al., 2008). These three indices should be able to quantify the functional changes occurring in a
community after a disturbance (Mouillot et al., 2013).
Thirdly, we calculated Faith’s standardized phylogenetic diversity index (SES Faith’s PD) to obviate the
relationship between Faith’s PD and species richness (Pearson’s r = 0.98, P < 0.001). We also calculated
two phylogenetic species-diversity metrics: phylogenetic species variability (PSV) and evenness (PSE). PSV
"is one when all species are unrelated and approaches zero as species become more related"; PSE "is one
when species abundances are equal and species phylogeny is a star" (Tab. 1; Kembel et al., 2020). DNA
barcode consensuses were mined from the BOLD data system (Ratnasingham and Hebert, 2007) whenever
accessible for each saproxylic beetle species morphologically identified. When multiple records and BINs
(Ratnasingham and Hebert, 8 juil. 2013) were available for a given species, a choice was made according first
to geographic area of sampling, and second to sequence length and quality. Close geographical areas were
favoured as were high-quality 658 bp-long sequences (N < 1%) whenever possible. A total of 349 species out
of 393 (88.8%) beetle species collected had DNA barcodes available. The dataset of the records we used for
phylogenetic diversity is publicly available at the following https://doi.org/10.5883/DS-PHYLOCOL. COI
consensuses were first aligned with BOLD aligner to check for sequence quality and validity. Trimming of
longer or misaligned consensuses was manually applied whenever necessary. Final sequence alignment was
performed in MUSCLE 3.8.425 (Edgar, 2004) with 8 iterations and a maximum-likelihood phylogenetic tree
was constructed with a general time-reversible (GTR) model and 500 bootstrap iterations in FastTree ver.
2.1.11 (Price et al., 2010). In order to compare phylogenetic diversity among different dieback levels, an
unrooted tree was preferred (Nipperess and Matsen, 2013). With picante package ver. 1.8.2 (Kembel et al.,
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2.4 Statistical analysis

2020), we pruned the species present across all our study regions and plotted phylogenetic trees for each study
plot. We calculated the respective standardized PD, PSV and PSE values for each plot with the "ses.pd" and
"psd" functions (picante R-package).
To deal with the over-dispersion of count variables (Bates et al., 2020), we used the glmmTMB R-package
(Magnusson et al., 2020) to run Generalized Linear Mixed Models (GLMMs) with "region" (i.e. Aure Valley
or Sault Plateau) as a random variable. In addition, to better include the differences between the two regions
in the models, we also added the proportion of fir trees in the surrounding forests, in an area of 700 ha, as a
fixed effect (see section 2.1). Response variables were the abundance and species richness for each guild of
saproxylic beetles, the functional-trait variables (i.e. CWM and FDis for each quantitative functional trait,
and FRic, FDiv and FEve for overall functional diversity), and the phylogenetic diversity indices (i.e. SES
Faith’s PD, PSV and PSE). We implemented both simple and multiple regressions. The simple regressions,
hereafter referred as univariate models, were composed of the random variable (i.e. region), proportion of
fir trees in the 700 ha area as a fixed co-variable, the offset to account for missing data, and the percentage
of dead crown pixels for a particular spatial scale as a predictor. For each response variable, we selected the
best-fitting error structure with the fitdist function from the fitdistrplus R-package (Delignette-Muller et al.,
2019). Then, we selected the best relationship structure for each response variable and predictor variable (i.e.
by comparing the Akaike Information Criterion for small sample sizes (AICc) between linear and logarithmic
regressions). Since six different spatial scales were compared (R = 25 m, 200 m, 500 m, 800 m, 1100 m and
1500 m), we applied a Post-Hoc Holm adjustment of p.values ("p.adjust" function). Finally, we extracted
estimates (i.e. β-coefficients) and adjusted p-values from each glmmTMB model. We used estimate values
to select the best landscape scale for each tested response variable.
We then performed multiple regressions with generalized linear mixed models with "region" (Aure Valley
or Sault Plateau) as a random variable and including as fixed variables, the measure of local dieback and
the best landscape scale, proportion of fir trees in the 700 ha areas as co-variable, and the offset to account
for missing data. We checked for non-collinearity between fixed variables, with the "check_collinearity"
function from the performance R-package (Lüdecke et al., 2020) and always observed a variance inflation
factor (VIF) below three. As three different terms in the multiplicative models were involved, we performed
Post-Hoc Holm adjustments on each of their p.values. Our purpose was to evaluate the potential interactive
effect between the local (25 m) and the most appropriate landscape scale (i.e. the landscape scale with the
highest β-coefficient and/or highest significance) with a multiplicative interaction model (Eq. 1). Since the
200 m scale was highly correlated with the 25 m-scale (Pearson’s r = 0.78, P < 0.001), we excluded this
metric from our analysis (Fig. S.7, Tab. S.1).

y = β0 + β1x1 + β2x2 + β12x1x2 + ε (1)

which is the multiplicative equation assessing whether there is an interactive relationship between X1 and
X2. X1 = severity of local dieback; X2 = severity of most suitable landscape dieback; β1 and β2 = model
coefficients for both forest dieback metrics (local and landscape); β12 = coefficient for the interaction term
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X1X2; ε = model residuals.
In multiplicative interaction models, hereafter referred to as "multiplicative models", β1 and β2 are signi-
ficantly different from zero when X1 and X2 are respectively equal to zero (H1: β1 ≠ 0 when X2 = 0 and
vice-versa) (Braumoeller, 2004). We associated the results of the multiplicative models with the ecological
mechanisms affecting the spatial pattern of the saproxylic beetles. When H1: β1 ≠ 0 could not be rejected,
we hypothesised an effect of local resource concentration since we were assessing the effect of local forest
dieback on saproxylic beetles in the case of limited dieback at the landscape scale (Fig. 3a). When H2: β2 ≠ 0
could not be rejected, we hypothesised a spill-over effect since we were assessing the effect of forest dieback
at the landscape scale in the case of limited local dieback (Fig. 3b). We hypothesised that a significantly pos-
itive interaction term (β12) reflected a synergistic/amplifying effect (Fig. 3c) and that a significantly negative
interaction term would support a dilutive/saturated effect and the habitat-patch hypothesis (Fig. 3d; Fahrig,
2013; Seibold et al., 2017). Furthermore, we assumed that a significant response to local forest dieback in
the univariate model but not in the multiplicative model and/or a significant response to landscape dieback
in the univariate model but not in the multiplicative model would both support the additionally importance
of both scales to describe local saproxylic beetle assemblages (i.e. the habitat-amount hypothesis; Fig. 3e;
Fahrig, 2013; Seibold et al., 2017). Indeed, cancelling univariate significant effects in multiplicative models
indicates that the level of forest dieback, i.e. the amount of dieback-induced resources, matters at both
local and surrounding landscape scales and not just at one particular scale. In addition, the absence of an
interaction effect would also support the habitat-amount hypothesis (Fahrig, 2013; MacArthur and Wilson,
1967; Seibold et al., 2017).

3 Results

Our final dataset comprised 50,067 specimens of 393 saproxylic beetle species belonging to 50 families. The
range of species richness was 51–123 species/plot with an average of 83 ± 4 species/plot (CI 95%; Tab. 1).

3.1 Validation of forest dieback metrics

To assess the relevance of the percentage of dead crown pixels as an indicator of forest dieback, we evaluated
the accuracy of the relationship between the local sum of dead crown pixels (R = 25 m) and field measurements
of forest dieback carried out according to the ARCHI protocol. The ARCHI protocol classifies trees in a
gradient from healthy to dead, based on their architecture. In our study, we applied the protocol to the 20
fir trees closest to each plot centre. It resulted in a standardised measure of dieback at plot scale according
to a hypothetical lower (all 20 trees are healthy) and higher (all 20 trees are dead) values of dieback (i.e.
standardised mean dieback of 39% (± 3% CI95%), minimum value at 9% and maximum at 59%). We
observed a significant relationship between the two variables (β-Estimate = 0.7; P < 0.01; Fig. S.5), which
indicates that our classification model of dead crown pixels and the percentage of these pixels provided a
consistently accurate description of the local forest dieback assessed on site. In addition, we validated our
landscape-scale estimates of forest dieback by cross-checking the relationship between the percentage of dead
crown pixels at the landscape scales (i.e. R = 200 to 1500 m) with the European disturbance map edited by
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3.2 Relationship among taxonomic, phylogenetic and functional diversity

Figure 3: Hypothesised saproxylic beetle responses to the terms of the multiplicative interaction models
(inner circle = local conditions (associated estimates = β1); outer circle = landscape conditions (associated
estimates = β2); light grey = healthy forest area; dark grey = disturbed forests; arrows represent species
fluxes) (a and b describe simple terms effects while c–e describe interactive term). a β1 > 0 = concentration
effect; b β2 > 0 = spill-over effect; c β12 > 0 = synergistic effect; d β12 < 0 = dilution or habitat-patch effect;
e β12 = 0 = habitat-amount hypothesis. Moreover, if there is a significant local effect in the univariate model
but not in the multiplicative model, or a significant landscape effect in the univariate model but not in the
multiplicative model, it supports that local and landscape conditions act additionally.

Senf and Seidl (2021a; 2021b), which is based on a time series analysis of the spectral band values of Landsat
satellite photographs (P < 0.001; Fig. S.6).

3.2 Relationship among taxonomic, phylogenetic and functional diversity

We did not observe a relationship between total saproxylic beetle species richness and the phylogenetic
diversity metrics (Fig. S.1). Nevertheless, we found a positive relationship between total species richness
and FRic (Fig. S.1), but not with FDiv (Fig. S.1) and FEve (Fig. S.1). We did not observe any relationship
between the phylogenetic diversity metrics and FRic, though there was a significantly negative relationship
between PSE and FDiv (Fig. S.1) and a positive relationship between PSE and FEve (Fig. S.1).

3.3 Response of taxonomic diversity to dieback

3.3.1 General metrics

In the univariate models, both local and landscape dieback metrics had positive effects on abundance and
richness of total and common species, abundance and richness of common species, and on abundance of rare
species (Fig. 4a). In contrast, rare species richness did not respond to forest dieback at any scale (Fig. 4a).
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3.4 Response of phylogenetic diversity to dieback

For abundances, scales of effect were detected at the local scale, whereas for species richness, scales of effect
were detected at 200 m scale (Fig. 4a). No effect was detected in the multiplicative models (Tab. 2).

3.3.2 Feeding and substrate guilds

In the univariate models, the abundance of wood-eating species was positively affected by local forest dieback
only (i.e. the scale of effect; Fig. 4e). In contrast, the richness of wood-eating species positively responded
to both local- and landscape–scale dieback (with higher scale of effect at 200 m scale; Fig. 4e). Still in
the univariate models, abundance of cavicolous species positively responded to landscape scales (200 m and
1500 m scales; Fig. 4e), while richness positively responded to both local and intermediate landscape scales
(i.e. 25 m and 200 m; Fig. 4e). Nevertheless, they both had scale of effect at 200 m scale (Fig. 4e). In
the univariate models, fungicolous species abundance responded positively to forest dieback at the local and
landscape scales (with high scales of effect at 200, 800, and 1100 m scales), while richness was only affected
by the 200 m scale (Fig. 4e). In the multiplicative models, neither the abundance nor the species richness of
wood-eating, cavicolous, and fungicolous beetles significantly responded to forest dieback (Tab. S2).

3.4 Response of phylogenetic diversity to dieback

In the univariate models, we only observed negative response of phylogenetic evenness to forest dieback at
the 1100 m scale (Fig. 4b). Otherwise, in the multiplicative models, we detected significant responses of
standardized Faith’s index of phylogenetic diversity: positively to both simple effects (i.e. local and landscape
dieback), and negatively to the interactive effect (Tab. 2).

3.5 Response of functional diversity to dieback

In the univariate models, we only observed positive effects of both local and landscape forest dieback on FRic
(Fig. 4c). Concerning substrate and morphological metrics, we noted positive effects of forest dieback on
the mean community preference for deadwood diameter (CWM DW diam.), for deadwood decay (CWM DW
decay), and for body size (CWM body size) at the landscape scale (higher scales of effect at 1500 m scale;
Fig. 4d). We observed parallel negative effects for forest dieback at the landscape scale on the functional
dispersion of deadwood diameter preference (at 200 m scale; FD DW diam.; Fig. 4d) and positive effects,
also at the landscape scale, on the functional dispersion of deadwood decay preference (FD DW decay) and
body size (FD body size; scale of effect at 1500 m scale; Fig. 4d). In the multiplicative models, we did not
observed any significant responses of functional metrics to forest dieback (Tab. 2). Finally, the functional
traits canopy opening preference did not respond to forest dieback in either the univariate or multiplicative
models (Tab. S2).

4 Discussion
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Figure 4: Response of local general saproxylic beetle assemblages to dieback severity measured over different
spatial scales (a taxonomic diversity; b phylogenetic diversity; c functional diversity; d substrate traits; e
substrate guilds). Coloured circles indicate β-estimates from the univariate glmmTMB models; their diameter
varies with adjusted p value. The shaded grey area indicates the 95% confidence interval of each β-estimate.
"DW" = "deadwood"
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4.1 Overall forest dieback effect

4.1 Overall forest dieback effect

Given the scale of the expected increase in the frequency and spatial extent of forest dieback and decline
in the future, assessing their current and long-term consequences on forest communities is paramount (e.g.,
Anderegg et al., 2013; McDowell et al., 2020; Sallé et al., 2021). As expected, we showed that the intensity
of forest dieback positively affected the taxonomic diversity of saproxylic beetles, differently at the local
and landscape scale (Fig. 4). This probably results from the accumulation of deadwood and tree-related
microhabitats associated with increased canopy openness, since both environmental factors generally have
positive effects on the species richness and abundance of saproxylic beetles (Bouget et al., 2014; Godeau
et al., 2020; Müller and Bütler, 2010; Sallé et al., 2020, 2021).

4.2 Local- and large-scale effects of forest dieback

Many species of saproxylic beetle are considered highly mobile and therefore only slightly dispersal-limited;
they therefore potentially respond to large scales of effect (Jackson and Fahrig, 2015; Janssen et al., 2016;
Thorn et al., 2018). Indeed, they may cover long distances, within a limit of roughly ≤ 10 km (Komonen
and Müller, 2018), to find suitable habitats and/or resources (related to the deadwood size, decay stage, tree
species and position; to tree-related microhabitats; or to the presence of open areas; Grove, 2002; Stokland
et al., 2012). Our results highlight the relevance of the landscape scale (i.e. in this study, from 200 to 1500
m) when considering the effect of forest dieback on local saproxylic beetle assemblages. Despite strong
correlation with the local scale, we noticed that the 200 m scale could be considered as the scale of effect
for species richness of most guilds of saproxylic beetles. In an experimental test of the habitat-amount
hypothesis, Seibold et al. (2017) showed that the scales of effect for species richness of saproxylic beetles
were about 40 to 120 m depending on the group, which is approximately in line with our results. However,
we lack resolution along our buffer gradient and therefore the actual scale of effect is certainly another value
close to our result. In contrast, the abundance of all species as well as common, rare, and wood-eating species
responded mainly to local forest dieback (Fig. 4). Consequently, species richness and abundance responded
differently to forest dieback and should therefore be determined by distinct mechanisms: abundance seems to
be mainly driven by patch size while species richness seems to be mainly driven by the local landscape. It has
already been shown in previous studies that the accumulation of deadwood, both at local and landscape scales,
has positive effects on saproxylic beetles (Franc et al., 2007; Gibb et al., 2006; Haeler et al., 2021; Økland
et al., 1996; Sverdrup-Thygeson et al., 2014). Likewise, local canopy openings as well as an interconnection
within the landscape forest matrix of fine patches of open habitats, i.e. gaps, is also beneficial to saproxylic
beetle biodiversity (Bouget and Duelli, 2004; Bouget et al., 2014; Kozel et al., 2021; Seibold et al., 2016).
In addition, we observed a significant landscape effect of forest dieback on the abundance of both cavicolous
and fungicolous species (Fig. 4e). This result suggest that forest dieback does not just increase deadwood
amount and canopy openness but also favours the development of tree-related microhabitats such as the
fruiting bodies of saproxylic fungi and cavities (e.g., rot-holes; Larrieu et al., 2018; Ojeda et al., 2007;
Speckens, 2021).
We did not observe any significant interaction between local and landscape forest dieback for metrics of
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4.2 Local- and large-scale effects of forest dieback

Table 2: Results from the multiplicative interaction models of the effects of local (R=25 m) and surrounding
landscape (highest scale of effect) dieback on the taxonomic, phylogenetical, and functional diversity of
saproxylic beetles.

Responses of local
assemblages metrics

Models Description Simple effects Interactive effects
Metrics df R2

β coeff. β coeff.
Taxonomic diversity

Abundance (All) Local 23 0.18 0.5ns

Landscape 1100m –0.3ns –0.03ns

Richness (All) Local 18 0.37 0.2ns

Landscape 1500m 0.23ns –0.16ns

Phylogenetical diversity

SES Faith’s PD Local 18 0.21 0.63*
Landscape 1500m 1.33*

-0.9*

Variability Local 26 0.32 0.11ns

Landscape 800m 0.06ns –0.06ns

Evenness Local 23 0.31 0.16ns

Landscape 1100m –0.18ns –0.08ns

Functional diversity

Richness Local 18 0.32 4.4ns

Landscape 1500m 0.59ns 6.3ns

Divergence Local 26 0.28 0.3ns

Landscape 800m 0.66ns –0.76ns

Evenness Local 26 0.32 –0.02ns

Landscape 800m –0.07ns 0.03ns

* Effects were tested with generalized linear mixed models (with "region" as a random variable and proportion
of fir trees in landscape as fixed co-variable). Values shown are β-estimates from glmmTMB models. Colours
represent the direction of the effect: green for a positive effect of dieback on the considered variable, red for negative
effect, and grey when no significant effects were detected. "df" = "degrees of freedom", "R2" = "R-squared"
(since there is no method to calculate R2 from glmmTMB model, values are derived from glm.nb and glm models).
See Tab. S1 and S2 for all response variables. ns = P > 0.05; * = P < 0.05; ** = P < 0.01; *** = P < 0.001

taxonomic diversity (Tab. 2). According to Seibold et al. (2017), the lack of interaction between these two
spatial scales could support the habitat-amount hypothesis since the amount of habitat at both scales is merely
additive (Fig. 3). This is further supported by the fact that local and landscape effects alone cancelled each
other out in our multiplicative models, while most of the univariate-model effects for taxonomic diversity
were significant (Fig. 4; Tab. 2). The habitat-amount hypothesis predicts that "species richness in a sample
site is independent of the area of the particular patch in which the sample site is located (its local patch)"
(Fahrig, 2013). Therefore, in our study, local scale alone (i.e. without any dieback areas in landscape) should
not have been sufficient to detect dieback effects on saproxylic beetle biodiversity, even if it appears as the
potentially scale of effect. Nevertheless, the opposite is also true: forest dieback surrounding an undisturbed
forest patch cannot contribute to local biodiversity, since the habitat or resource of interest is not locally
present (Tab. 2). Nevertheless, and despite the non-collinearity in the models (VIF < 3), local and landscape
conditions of forest dieback were correlated (Tab. S.1) and thus, the cancellation of significant effects in the
univariate models could also be the result of statistical artifacts and further research is needed.
Forest dieback at the landscape scale also had effects on the functional diversity metrics, mainly substrate and
morphological traits (CWM and FDis) which did not respond to local forest dieback (Fig. 4d). In another
study, based on data from the same Pyrenean plots and from plots located in Bavarian montane forests
(Cours et al., 2021), we hypothesised that the severity of the local forest dieback in Bavaria was correlated
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4.3 Contrasting responses of different biodiversity dimensions to forest dieback

to forest dieback severity at the landscape scale, as sudden, large-scale tree mortality occurred in the area
following a major bark beetle outbreak (mean bark beetle gap size = 6.8 ha; Müller et al., 2008). In contrast,
the drought-induced dieback in the Pyrenean forests caused gradual mortality in discrete patches across the
landscape; in this case, the local conditions did not necessarily reflect large-scale conditions (Andrew et al.,
2016; Cours et al., 2021). These variations in the immediacy and scale-intensity of the dieback may explain (i)
why the local forest dieback in the Pyrenean mountains did not affect functional trait metrics in our previous
study (Cours et al., 2021), and (ii) why, in this study, the same metrics only responded to landscape-scale
conditions. Our results therefore suggest that studying local conditions alone may be insufficient to detect the
functional response of saproxylic beetles to forest dieback when tree mortality occurs in discrete patches, and
that landscape conditions can act as a strong filter on trait diversity (Fig. 4d; Cours et al., 2021; Gámez-Virués
et al., 2015).

4.3 Contrasting responses of different biodiversity dimensions to forest dieback

While taxonomic diversity was affected primarily by local and intermediate-landscape forest dieback (and
secondarily by larger landscape scales), it appears from our results that functional diversity, through substrate
and morphological traits, responded primarily to forest dieback at the largest landscape scale (i.e. 1500 m;
Fig. 4d). In parallel, functional richness responded positively at the local scale and at the 1500 m scale (Fig.
4c). Furthermore, forest dieback only affected phylogenetic diversity through evenness, at the 1100 m scale
(Fig. 4b). In contrast, standardized Faith’s phylogenetic index (ses.PD) was the only one response variable
that significantly responded to local and landscape forest dieback in the multiplicative model (Tab. 2). From
this multiplicative model, it seems that the spatial pattern of dieback was important for the ses.PD. Indeed,
spatial patterns mixing areas of forest dieback with undisturbed areas seem to lead to higher phylogenetic
index values than randomly expected (i.e. phylogenetic overdispersion; Webb and Pitman, 2002).
Consequently, the diversity and quantity of habitats and resources released by forest dieback (i.e. deadwood,
tree-related microhabitats and canopy openness) increased abundance and species richness of saproxylic
beetles, and lead to more heterogeneous functional assemblages, as suggested by the more-individuals and
the habitat-heterogeneity hypotheses (Seibold et al., 2016). Similarly, the increase in spatial heterogeneity
due to the mixing of declining and undisturbed forests had a positive effect on phylogenetic diversity. For
example, Kozák et al. (2021) showed that phylogenetic diversity of saproxylic beetles was positively affected
by canopy openness, which in turn was positively influenced by recent disturbances.

4.4 Functional responses of assemblages to forest dieback: heterogenisation and specialisa-
tion

Forest dieback increased beetle functional richness (FRic), at both local and landscape scales (Fig. 4c). In
our study, the increase in total species richness seemed to be associated with this increase in FRic. This
indicates that the range of functional traits is quite broad in the functional space of disturbed stands and
within disturbed landscapes; in other words, functional traits have more extreme values in declining forests
(Mouillot et al., 2013). This is congruent with previous observations showing that the functional richness
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4.5 Application and conclusions

of saproxylic beetle assemblages is positively influenced by the local amount and diversity of deadwood,
as well as by canopy openness (local = 0.1 ha, R ≈ 18 m; Thorn et al., 2018), features which are typically
favoured during forest decline and dieback (Cours et al., 2021; Sallé et al., 2021; Thorn et al., 2018). Here,
we demonstrate that this probably stands true at larger spatial scales.
In addition, we observed functional specialisation in species preference for deadwood diameter: when
forest dieback increased at the landscape scale, local assemblages preferred larger deadwood and functional
dispersion was lower (CWM and FDis Diameter; Fig. 4d). A previous study showed that the functional
specialisation of saproxylic beetles towards large-diameter and well-decayed deadwood occurs when the
overall amount of deadwood increases (Gossner et al., 2013). This functional specialisation might not
account for the needs of species that prefer small-diameter deadwood. Nevertheless, these species still benefit
from a relatively high amount of deadwood and are also less sensitive to intense forest management in the
surrounding area (Gossner et al., 2013). Moreover, we observed that forest dieback at the landscape scale
led to an increased preference of the saproxylic beetle assemblages for more decayed deadwood, along with
a higher functional dispersion than in healthy forests (CWM and FDis Decay; Fig. 4d). Therefore, our
results suggest that iterative forest dieback events had released a large amount of large-diameter deadwood
in varying stages of decay, which is of great value for biodiversity (Bouget et al., 2013; Gossner et al., 2013;
Kozák et al., 2021; Lachat et al., 2013; Similä et al., 2003). Finally, our results showed that increasing forest
dieback at the landscape scale lead to increasing mean body size of local saproxylic beetle assemblages, with
higher trait dispersion (Fig. 4d). It means that forest dieback occurring over large areas favoured larger
beetle species. Large saproxylic beetle species, preferring larger deadwood pieces are known to be the most
threatened across the European forests (Hagge et al., 2021; Seibold et al., 2015). As a result, forest dieback
could benefit threatened species in commercial forests.
Intensive management generally leads to functional homogenisation, which is often driven by the decline
of specialist species in favour of generalists (Clavel et al., 2011). Our study plots were managed, and we
found that forest dieback induced functional heterogenisation with an increase in the mean and dispersion of
most of the traits tested. We hypothesise that the functional heterogenisation was driven by the high resource
availability and habitat diversification subsequent to the forest dieback. At the landscape scale, the dieback
logically resulted in a matrix of remaining live trees, acting as disturbance refugia (Krawchuk et al., 2020),
and discrete patches of open woodlands with standing dead trees and snags, logs, large deadwood, tree-related
microhabitats, etc. Ultimately, this promoted the coexistence of a wide variety of ecological niches (Swanson
et al., 2011), allowing the co-occurrence of functionally diverse saproxylic beetle assemblages (Kozák et al.,
2021; Thorn et al., 2018).

4.5 Application and conclusions

Our study revealed that the taxonomic, functional and phylogenetic diversity of saproxylic beetle assemblages
in Pyrenean montane fir forests significantly benefitted from forest dieback, at both local and landscape scales,
mainly thanks to landscape heterogenisation, to a large build-up of deadwood and to more canopy openings
(Bouget et al., 2014; Sallé and Bouget, 2020; Sallé et al., 2020; Thorn et al., 2017, 2018). Our results lead
us to consider unharvested declining forest stands as potentially relevant sites for biological conservation
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4.5 Application and conclusions

(Hlásny et al., 2021; Müller et al., 2010) because they favour the functional diversity, abundance and richness
of saproxylic beetle species otherwise threatened in conventionally managed stands (Grove, 2002; Hagge
et al., 2021; Seibold et al., 2015). Moreover, it seems that local clusters of forest dieback alone may be
insufficient to maintain diverse communities of saproxylic beetles. It is also necessary to maintain areas
of forest dieback in the landscape, i.e. at scales of at least 1100 m and 1500 m (Fig. 4; Tab. 2), mainly
for functional diversity. Furthermore, the discrepancies we found in the response of various biodiversity
dimensions call for a multidisciplinary integrative approach and studies on wide species communities in
disturbed forests (Sallé and Bouget, 2020; Sallé et al., 2021; Sire et al., 2022).
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5 Supplementary material

Figure S.1: Correlation table for the diversity indices. Coloured relationships are statistically significant at
an α-level of 0.05. Blue represents positive correlations while red represents negative correlations. Numbers
are the Pearson’s r values. See Sect. 3.



Figure S.2: Changes in the Standardised Precipitation-Evapotranspiration Index (SPEI) (Vicente-Serrano
et al., 2010) from 1950 to 2020 for the whole study area. Years marked by severe droughts are given under
the corresponding bar; red: negative annual water balance (drought); blue: positive annual water balance
(water surplus).

Figure S.3: Changes in the Standardised Precipitation-Evapotranspiration Index (SPEI) (Vicente-Serrano
et al., 2010) from 1950 to 2020 in Aure Valley area. Years marked by severe droughts are given under the
corresponding bar; red: negative annual water balance (drought); blue: positive annual water balance
(water surplus).
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Figure S.4: Changes in the Standardised Precipitation-Evapotranspiration Index (SPEI) (Vicente-Serrano
et al., 2010) from 1950 to 2020 in the Sault plateau area. Years marked by severe droughts are given under
the corresponding bar; red: negative annual water balance (drought); blue: positive annual water balance
(water surplus).

Figure S.5: Relationship between the sum of dead crown pixels in a 25m radius around study plot centres
(from machine learning) and the actual forest dieback level quantified in the study plots with the ARCHI
method.
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Figure S.6: Relationships between the sum of dead crown pixels at different landscape scales around the
study plot centres (from machine learning) and the actual forest dieback level quantified in Senf and Seidl
(2021a).
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Figure S.7: Above-left: correlation table with dead crown sums according to different spatial scales. Above-
right: results from the Principal component analysis (PCA) of all the spatial scales for forest dieback.
Bottom-left: correlation between the dead crown sums and PCA dimensions at different spatial scales.
Bottom-right: cluster dendrogram of the dead crown sums at different spatial scales.
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Table S.1: Pearson’s r correlation coefficients between scales of forest dieback in non-overlapping buffers.

Scales 25m 200m 500m 800m 1,100m 1,500m
25 m 1 0.78 0.68 0.38 0.41 0.55
200 m 1 0.95 0.91 0.91 0.93
500 m 1 0.99 0.97 0.97
800 m 1 0.98 0.99
1100 m 1 0.99
1500 m 1
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