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Retention forestry emerged as a means of ameliorating the biodiversity impacts of clearcutting 30 years ago and
has become an integrated part of forest management in many countries. Nowadays, there is still an increasing
need to assess to what extent retention trees contribute to biodiversity in production forests. We used tree-related
microhabitats (TreMs), as an indicator of the potential of the forest to host taxonomic biodiversity, to better
understand the effect of broadleaf retention trees, and surrounding conditions derived from stand management,
on biodiversity. We inventoried TreM types on 114 retention trees of four broadleaf tree taxa (Betula spp., Fagus
sylvatica, Quercus spp., and Populus tremula) located within 20 even-aged conifer-dominated production forests
(Picea abies) in southern Sweden. We evaluated the effect of retention tree attributes (species and age) and of the
surrounding environment (production tree density and distance to the retained trees) on the diversity of TreM
types and groups. We found that retention tree species with different characteristics and physiological niche
(light-demanding vs. shade-tolerant and pioneer vs. late-successional) developed distinct TreM assemblages.
TreM diversity increased significantly with increasing retention tree age and surrounding tree density. Higher
surrounding tree density is particularly related to some TreMs either positively (crown deadwood, bryophytes) or
negatively (buttress-root concavities, lichens). Overall, the extent that retention forestry potentially contributes
to forest biodiversity will depend on promoting different broadleaved retention tree species and managing
surrounding trees accordingly to allow retention trees to become older and maintain TreMs in the long term.

1. Introduction production forest cover continues to increase worldwide, there is a

broad consensus on the need to safeguard and promote biodiversity in

Production forests are socio-ecological systems that provide essential
ecosystem services such as woody biomass, climate regulation, and en-
vironments for recreation (Brockerhoff et al., 2017). In intensively
managed production forests, provisioning services are often prioritized
at the expense of biodiversity and other ecosystem services (Felton et al.,
2024). In the process, silvicultural practices tend to simplify forest
structures and remove elements characteristic of old-growth forests,
potentially limiting the capacity of such forests to provide habitat for
biodiversity (Brockerhoff et al., 2017; Deal et al., 2013; Gustafsson et al.,
2010). Since we currently face a global crisis of biodiversity loss and
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these management systems (FAO, 2020; Muys et al., 2022).

In Fennoscandia, production forests mostly consist of stands of even-
aged conifer-dominated monocultures that are mechanically clear-cut
(Gustafsson and Perhans, 2010; Simonsson et al., 2015). To mitigate
the negative effects of clearcutting on biodiversity and incorporate
conservation measures into production forests, retention forestry is
widely applied in this context (Gustafsson and Perhans, 2010; Vanha-
Majamaa and Jalonen, 2001). First proposed in North America
(Franklin, 1989), retention forestry promotes structural diversity and
habitat for biodiversity (“life-boating” effect), as well as ecosystem
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functioning and landscape connectivity by retaining single or groups of
trees at the time of harvest, often as living trees (green tree retention,
GTR) (Gustafsson et al., 2012; Vanha-Majamaa and Jalonen, 2001),
although no specific regulations protect retention trees for more than
one rotation (Beese et al., 2019). Despite the importance of old trees for
forest biodiversity (Biitler et al., 2013; Lindenmayer and Laurance,
2017; Lindenmayer et al., 2014) and the retention approach as a means
of increasing their presence in production forests (Fedrowitz et al.,
2014), there are still many remaining questions about the potential
contribution of retention trees to biodiversity in the longer term.

A large number of studies have assessed the effects of retention
forestry on biodiversity (Fedrowitz et al., 2014). However, conventional
studies are usually limited to particular taxa, such as mammals, birds, or
vascular plants, whereas other taxonomic groups, including reptiles and
fungi, are underrepresented (Fedrowitz et al., 2014; Gustafsson et al.,
2020a, 2020b). In response, tree-related microhabitats (TreMs) have
been proposed as an indicator of the potential of the forest to host
taxonomic biodiversity (Asbeck et al., 2021). TreMs are structures that
occur either on living or standing dead trees and constitute an essential
habitat for numerous species at some point in their life cycle (Larrieu
et al., 2018). Injuries, crown deadwood, excrescences, or epiphytic
structures are just a few of the seven general forms of TreMs that have
been documented to host insects, arachnids, birds, mammals, amphib-
ians, fungi, nematodes or reptiles (Biitler et al., 2020; Larrieu et al.,
2018; Majdi et al., 2024). The underlying concept of microhabitats born
by trees is not new, and there is extensive research on the relationship of
some taxa with some TreMs, for example tree cavities (Wesotowski,
2007) and dendrotelms (Kitching, 1971). However, the novelty of the
TreM concept resides in (i) considering TreMs as key habitat resources at
the forest stand level, interacting with other habitat resources such as
deadwood items (Larrieu, 2014), and (ii) the hierarchical typology that
Larrieu et al. (2018) developed — 47 TreM types organized in 15 groups
and seven general forms — which has contributed to its standardization
and ready applicability to answering questions involving forest
biodiversity.

TreMs are old-growth attributes essential to fostering habitat het-
erogeneity and biodiversity in production forests, while also playing an
important role in ecosystem functioning (Asbeck et al., 2021; Larrieu
et al., 2018). Despite their importance, forest management is not always
targeted towards promoting TreMs. Conventional forest management
strategies can limit TreM development by removing trees of low eco-
nomic value, as well as those trees that compete for resources with
production stems, or senescent trees that may pose safety risks to forest
personnel (Cosyns et al., 2020). In contrast, new management strategies
with higher conservation ambition can actively promote TreM-bearing
trees spanning different tree species, sizes and ages (Asbeck et al.,
2021). There is thus a close relationship between forest management
decisions and conservation goals and the resultant density and diversity
of TreMs (Cosyns et al., 2020; Courbaud et al., 2022; Larrieu and
Cabanettes, 2012). In this context, there is an urgent need to better
understand the factors influencing TreM occurrence in production for-
ests, to provide forest managers and policymakers with practical rec-
ommendations for the conservation of TreM-associated biodiversity.

Several studies have used the TreM approach to assess biodiversity in
production forests, particularly in the temperate forests of central
Europe (France, Germany and Italy; Larrieu et al., 2012; Paillet et al.,
2018; Regnery et al., 2013; Winter and Moller, 2008). However, a major
research gap persists in boreal and hemiboreal forests where few TreM
related studies have been conducted (see Martin et al. (2021); Michel
and Winter (2009) in North America and Korkjas et al. (2021); Korkjas
et al. (2023); Lilja and Kuuluvainen (2005) in Europe). For example, the
contribution of retention trees to the occurrence of TreMs has not been
studied in even-aged production forests located in a hemiboreal context.

In this study, we quantified and categorized TreM occurrence on
retention trees located within even-aged Norway spruce (Picea abies)
dominated production stands to better understand the habitat
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contribution of retention trees, as well as the influence of proximate
stand management, on habitat provision for biodiversity. Specifically,
we 1) evaluated the effect of attributes of retention trees, including tree
species and age, on the provision of TreMs, and 2) assessed the effects of
the surrounding environment derived from forest management (e.g.,
production tree stem density and distance to the retained trees) on the
diversity of TreMs borne by retention trees. Ultimately our aim was to
provide practical recommendations regarding how to enhance biodi-
versity in production forests.

2. Methodology
2.1. Study area

The study was performed in 20 production stands dominated by
Norway spruce in southern Sweden (Fig. 1). The stands are located in the
hemiboreal zone, a transition zone between the boreal and temperate
biomes (Ahti et al., 1968). Mean temperatures range from -1 °C in winter
to 17 °C in summer whereas mean annual precipitation vary between
600 mm in the southern and eastern stands, to 800 mm in the western
stands (SMHI, 2019). The stands were harvested 23-34 years ago leav-
ing broadleaf retention trees at a density of approximately 10 trees per
hectare, and then planted with Norway spruce. The height of the spruce
trees ranged between 10.8 and 19.4 m (16.7 + 3.0 m on average). Since
the previous final timber harvest and subsequent planting, no other
management interventions have occurred (i.e., no thinning of competing
vegetation was conducted before this study). For this study, we focused
on the most common broadleaf tree taxa that are selected as retention
trees in production stands in this region (Gustafsson et al., 2020b): aspen
(Populus tremula), European beech (Fagus sylvatica), birch (Betula pen-
dula and B. pubescens), and oak (Quercus robur and Q. petraea). In addi-
tion, we selected retention trees that were (i) of >25 c¢cm diameter at
breast height (DBH), (ii) solitary and (iii) surrounded by production
conifer trees. In total, 114 retention trees were selected.

2.2. TreM assessment

TreM data collection was performed by one trained expert (the first
author) in March 2023, before leaf flushing. The trunks of 114 trees were
carefully examined from the ground to the crown to detect TreMs, using
binoculars for the upper parts of the canopy. TreM types were recorded
as presence/absence following the classification described by Larrieu
et al. (2018): 47 TreM types belonging to 15 groups and seven general
forms (Table 1).

For each retention tree, we also recorded species identity and
diameter at breast height (DBH). Tree age was determined through
dendrochronological analysis, by collecting two tree core samples at 1 m
height. All tree ring samples were taken with 2-thread, 5.15 mm diam-
eter increment borers manufactured by Haglof Sweden®. After being
glued onto wooden backing, samples were sanded with 200-, 400-, and
600-grit sandpaper, and ring counts were conducted using a stereo
binocular microscope (3-40x). In cases where the pith was missing, the
number of missing rings was estimated based on the ring width of the
oldest three rings and an estimation of the distance missed by fitting
concentric circles printed on transparent film on the core sample
(Asherin and Mata, 2001).

The basal area of trees located around the retention trees (hereafter
surrounding BA, m? ha™!) was also obtained as a proxy of stand density,
since it strongly correlates with canopy cover in this forest type
(Korhonen et al., 2007). To do so, we measured the DBH and distance of
all trees within a 9 m radius of every retention tree and estimated the BA
(Eq. (1)). To discriminate the close proximity effect of the production
trees from the general density effect, we calculated basal area (BA) at
different distances from the retention tree (3 and 9 m radius).
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Fig. 1. Location of the production stands studied in southern Sweden and an example of a retention tree (Fagus sylvatica) located within a Norway spruce (Picea abies)

production forest. Foto credit: M.T. Torres-Garcia.
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In Eq. (1), DBH is the diameter at breast height of all of the trees
within the 3 or 9 m radius (r) from a retained tree. We assumed the 3 m
radius to include surrounding trees directly interfering with the reten-
tion tree crowns independently of retention tree size, while 9 m is more
important for the general light conditions around the retention tree and
its crown. The surrounding BA includes both production Norway spruce
trees (approximate 90 %) and broadleaf and smaller conifer trees (10 %
approx.).

2.3. Statistical analysis

All statistical analyses were done in R version 4.3.2. We performed a
constrained ordination (redundancy analysis, RDA) to evaluate the ef-
fects of retention tree species, tree age, and stand density, on TreM type
composition, by the rda function of the vegan package. The RDA was
based on the presence/absence of all TreM types occurring at least once
and with tree age and stand density as continuous explanatory variables
and tree species as factor. Note that the variable tree species refers to
aspen, beech, and the taxa birch and oak that include several species
(Betula spp. and Quercus spp.). We carried out a backward selection of
explanatory variables with the function ordistep from the same package.
We selected the variables that best explained the composition of TreMs
by dropping non-significant variables to improve the Akaike informa-
tion criterion (AIC). The function anova was used to estimate F-statistics
and P-values for the full and final models.

To evaluate the effect of retention tree species, tree age, and forest

management on the total diversity of TreM types and groups, and di-
versity within groups, we used generalized linear mixed models (GLMM)
as implemented in the glmmTMB function of the package with the same
name (Brooks et al., 2017). Stand identity was included as a random
intercept factor, due to several trees occurring within the same stand.
DBH, retention tree age, retention species identity, stand basal area (at 3
and 9 m radius from the retention trees), and stand age were modelled as
fixed effects. We used a Poisson error distribution (log link function) for
rot holes, whereas a Conway-Maxwell Poisson distribution (log link
function) was used when there was any indication of underdispersion
(for overall diversity, concavities, exposed sapwood, exposed sap- and
heartwood, crown deadwood and epiphytic structures). Due to the rarity
of insect galleries and microsoils, we fitted GLMMs with a binomial error
distribution (logit link) on presence/absence data only for these types.
Woodpecker breeding cavities (1 observation), twig tangles (6), burrs
and cankers (3), ephemeral fruiting bodies (8) and perennial fruiting
bodies (2) were excluded from the models for individual TreM groups
because of the scarce number of observations. Nests and exudates were
not recorded on any tree. To find the best model, we calculated and
compared the AICs of the possible models in order to obtain the lowest
AIC value. We used the DHARMa package for model evaluation by re-
sidual plots and dispersion tests. We also performed a variance inflation
analysis to exclude variables that can cause multi-collinearity problems
(VIF > 2) (Zuur et al., 2010) using the vif function of the car package and
a Spearman correlation analysis using the cor function of the stats
package. The VIF analysis on the full model did not reveal major
collinearity problems (Supplementary material Table S1). We quantified
the coefficients of determination (conditional and marginal R?) with the
function r2 in the performance package to assess the overall goodness of
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Table 1

Classification of TreM types in groups and forms (following Larrieu et al., 2018).
Note that only those TreM types observed in this study are shown. Codes before
the types correspond to codes in Fig. 2.

Forms Groups Types

1. Cavities 1. Woodpecker breeding
cavities

2. Rot holes

WpC: Woodpecker
breeding cavities
RH1: Trunk-base rot
hole

RH2: Trunk rot hole
RH3: Semi-open trunk
rot hole

RH6: Hollow branch
IG: Insect galleries
Conl: Dendrotelm
Con2: Woodpecker
foraging excavation
Con3: Bark-lined
trunk concavity
Con4: Buttress-root
concavity

ESapl: Bark loss
ESap3: Bark shelter
ESap4: Bark pocket
ESH1: Stem breakage
ESH2: Limb breakage
ESH3: Crack

ESH5: Fork split
CD1: Dead branches
CD2: Dead top

CD3: Remnants of a
broken limb

Esho: Epicormic
shoots

Bur: Burr

3. Insect galleries
4. Concavities

2. Tree injuries and
exposed wood

5. Exposed sapwood only

6. Exposed sapwood &
heartwood

3. Crown deadwood 7. Crown deadwood

4. Excrescences 8. Twig tangles

9. Burrs & cankers
Can: Canker

10. Perennial fungal PF: Perennial fruiting

fruiting body body

11. Ephemeral fungal EF1: Annual polypore

EF2: Pulpy agaric

5. Fruiting bodies of
saproxylic fungi and
slime moulds

fruiting bodies and slime

moulds EF3: Pyrenomycete
6. Epiphytic and parasitic 12. Epiphytic and epixylic Epil: Bryophytes
crypto- & phanerogams structures Epi2: Foliose and

fruticose lichens
MS1: Bark microsoil
MS2: Crown microsoil

13. Microsoils

fit of the model.
3. Results

The mean estimated age of the 114 retention trees was 97 years and
their mean DBH was 40.3 cm (Table 2). We found on average 4.2 TreM
types per retention tree. Oak had more than five types on average per
tree, and up to 10 types in one tree (Table 2). The other tree taxa (aspen,
beech, and birch) had between three and four TreM types per tree on
average.

We observed 31 different TreM types on the retention trees that
belong to 13 out of 15 TreM groups (Table 3). Epiphytes, crown dead-
wood, and concavities were the most abundant TreM groups, being
present in 81, 68, and 42 % of the trees respectively. In contrast,

Table 2
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Table 3
Mean diversity of TreM types (by group) per retention tree species and relative
occurrence (%) of TreM groups.

Beech  Birch  Oak Relative

occurrence

TreM groups Aspen

(Mean number of TreM types per (Percentage, %)

tree)
1. Woodpecker breeding 0 0 0.04 0 0.9
cavities
2. Rot holes 0.55 0.28 0.50 0.77  38.6
3. Insect galleries 0.27 0.04 0.15 0.39 184
4. Concavities 0.45 0.50 0.54 0.39 42.1
5. Exposed sapwood only 0.27 0.43 0.27 0.26 289
6. Exposed sapwood and 0.18 0.22 0.31 0.42 263
heartwood
7. Crown deadwood 0.82 0.65 0.73 2.03 68.4
8. Twig tangles 0.09 0.09 0.04 0 5.3
9. Burrs and cankers 0 0 0.08 0.13 1.8
10. Perennial fungal 0 0.04 0 0 1.8
fruiting bodies
11. Ephemeral fungal 0.09 0.07 0.08 0.06 7.0

fruiting bodies
12. Epiphytic and epixylic ~ 0.55 1.24 0.85 0.93 80.7

structures
13. Nests 0 0 0 0
14. Microsoils 0 0.28 0.04 0.32 211
15. Fresh exudates 0 0 0 0

woodpecker breeding cavities, twig tangles, burrs and cankers, ephem-
eral and perennial fruiting bodies were only rarely found, while no nests
or fresh exudates were observed on any retention tree.

The RDA showed that the composition of TreM types on retention
trees was significantly related to the species identity, the age of the
retention trees, and the surrounding basal area (Fig. 2 and Supplemen-
tary material Table S2). Together these variables explained 17 % of the
variation in TreM composition (Table S3) with 8.7 % on the first axis,
4.5 % on the second, and the remaining on the other axes. Aspen and
birch had similar composition of TreM types (according to their 95 %
confidence intervals), but oak and beech clearly differed from each other
as well as from aspen and birch in their TreM type composition (Fig. 2).
Dead branches (CD1), trunk rot holes (RH2), and insect galleries (IG)
were positively correlated to increasing retention tree age and the basal
area surrounding the tree (3 m). In addition, abundance of crown
microsoils (MS2), exposed sap- and heartwood from limb breakage
(ESH2) and dead top (CD2) were positively correlated to the sur-
rounding basal area in a 9 m radius. Whereas the occurrence of bryo-
phytes (Epil) can benefit from higher stand density, the occurrence of
lichens (Epi2) was negatively correlated to density (Fig. 2).

The main drivers of the overall diversity of TreM types and groups
were retention tree age and surrounding basal area (Table 4). TreM
diversity increased significantly with increasing retention tree age and
the basal area of surrounding trees in a 9 m radius. Most groups of TreMs
increased significantly with increasing retention tree age, whereas
concavities and exposed sap- and heartwood were also promoted by
basal area (9 m radius). Higher basal area in close proximity of the
retention tree (3 m radius) was positively related to insect gallery
abundance whereas it showed a negative effect on concavities. Addi-
tionally, tree species was key to explaining the abundance of two TreM

Summary of the main characteristics of the retention trees by species and mean and maximum diversity of TreM types and groups per tree (+ standard deviation).

Species N. trees Age (years) DBH (cm) Height (m) Diversity of types Diversity of groups

Mean Mean Mean Mean Max Mean Max
Aspen 11 91.7 £ 16.7 37.9 £10.5 20.3 + 2.47 3.3+20 6 3.0+1.8 5
Beech 46 88.1 + 22.6 39.8 £ 10.0 19.6 + 3.9 3.8+20 9 32+1.7 8
Birch 26 99.2 + 27.7 37.9 +8.7 20.0 + 3.3 36+17 7 3.2+1.6 6
Oak 31 111.7 £ 25.1 44.1 £15.6 20.7 + 3.7 5.6 +2.1 10 41+15 7
TOTAL 114 97.57 + 26.0 40.3 £11.9 19.8 + 3.6 42+22 34+17
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Fig. 2. Ordination plots from the final RDA model showing the two first ordination axes with the constrained variation in the axes' titles. The left panel represents the
complete bidimensional space and the right panel shows the detailed TreM type distribution (non-overlapping). Symbols and colors refer to individual retention trees
from different taxa and ellipses represent 95 % confidence intervals around the taxa centroids in ordination space. The grey terms in the right-hand panel refer to the
type of TreM. We only display those TreMs with high goodness of fit (see Supplementary material Table S4): RH: Rot holes; IG: insect galleries; Con: Concavities; ESH:
Exposed sap- and heartwood; CD: Crown deadwood; Epi: Epiphytes; MS: microsoils (find codes for detailed TreM types in Table 1). The arrows represent significant
explanatory variables (RT_age: retention tree age; BA3 and BA9: basal area at 3 and 9 m radius around the retention tree, respectively).

Table 4

Results from generalized linear mixed models (GLMM) after model selection indicating the model coefficients and P-values of the predictors (in brackets), and the
goodness of the fit (marginal R?). Significant (P < 0.05) predictors are shown in bold. DBH: diameter-at-breast-height, RT Age: retention tree age, BA: basal area. The

results from the full model are shown in Table S5 of the supplementary material.

Intercept DBH RT age Stand age Surrounding BA Retention tree species R?
9m 3m Beech Birch Oak
TreM type diversity” 0.096 - 0.007 0.007(0.63) 0.014 - 0.090 -0.104 0.193 (0.145) 0.106
(<0.001) (0.004)
TreM group diversity” 0.204 - 0.007 -0.002 0.014 - - - - 0.086
(<0.001) (0.893) (0.001)
2. Rot holes” -2.350 - 0.020 -0.027(0.60) - 0.017(0.071) - - - 0.228
(<0.001)
3. Insect galleries -4.777 - 0.019(0.085) - - 0.073 - - - 0.260
(<0.001)
4. Concavities® -0.622 - 0.006(0.127) -0.041 0.031 -0.025 - - - 0.233
(0.341) (0.009) (0.020)
5. Exposed sapwood” -2.530 - 0.017(0.029) -0.013 - 0.576 -0.570 -0.399 (0.064) 0.309
(0.820)
6. Exposed sap- and -2.165 - 0.014(0.038) -0.050 0.032 - - - - 0.336
heartwood” (0.438) (0.038)
7. Crown deadwood” -1.374 - 0.005(0.041) 0.028 - - -0.326  -0.241  0.721 (<0.001) 0.501
(0.269)
12. Epiphytic structures” -1.269 0.001 -0.001(0.689) 0.048 -0.013 - 0.793 0.649 0.852 (0.047) 0.311
(0.067) (0.069) (0.115)
14. Microsoils“! -3.339 - 0.009(0.494) 0.055 - - -2.201 -0.307  (0.054) 0.212
(0.605)

@ Conway-Maxwell Poisson distribution.
b Poisson distribution.
¢ Binomial distribution.

4 Model without observations from aspen trees due to zero observations of microsoils in this tree species.

groups: crown deadwood and epiphytic structures. Particularly, crown
deadwood was significantly more abundant in oaks than in other
retained tree species. Even though stand age was included in most of the
models (nine out of ten), this variable never had a significant effect on
TreMs.

4. Discussion
4.1. Broadleaf retention trees as a key source of TreMs

Broadleaf retention trees in even-aged conifer-dominated hemi-
boreal production forests can develop at least 31 different types of TreMs
from 13 groups, which on average was 4.2 types of TreMs per tree. Our
results therefore highlight, for the first time, the important contribution
that retention trees can make to the provision of TreMs within early
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rotation (approx. 30 years of age) intensively managed production for-
ests in a hemiboreal context. However, we observed that the composi-
tion and diversity of TreMs was driven by the species of retention tree,
its age, and the density of trees (mostly production conifers) surrounding
the retention trees.

There is a growing body of evidence that tree species identity in-
fluences the general abundance of TreMs, as well as the occurrence of
particular TreM assemblages (e.g., Courbaud et al., 2022). These dif-
ferences can be related to tree specific features such as bark type,
compartmentalization capacity of wounds, and phyllotaxis (Larrieu
et al., 2022), but also on successional status and light demands of the
tree species (Courbaud et al., 2022). We found that aspen and birch
trees, which are pioneer and shade-intolerant species, shared a similar
composition of TreM types. Conversely, beech trees (late-successional
and shade-tolerant species) showed a different assemblage of TreMs that
also differed from the late-successional but shade-intolerant oaks.
Moreover, oaks have a higher wound compartmentalization capacity
compared to beech, aspen and birch (Gilman, 2011), which is related to
the physical and chemical properties of the wood (Smith, 2015).
Although our dataset is too limited to derive generalized conclusions,
our results nevertheless open up a new avenue for research since TreM
diversity has very scarcely been explored using this type of inter-trait
comparison. The speed of TreM development (formation rate) and the
periods of tree growth when TreMs appear (hazard rate) has been
analyzed among species with contrasting life-history traits (Courbaud
et al., 2022; Spinu et al., 2023). Spinu et al. (2023) observed that short-
lived pioneer species developed TreMs quicker than long-lived species
(but see Courbaud et al., 2022). Since investing in the defense against
pathogens is a compromise with growth speed and lifespan (Loehle,
1988), fast-growing and short-lived pioneer broadleaves generally have
low compartmentalization capacity because their investment in defense
barriers is very low (Morris et al., 2016). In this regard, Larrieu et al.
(2021) showed a significant effect of successional status for several co-
occurrences of TreMs.

In our study, the longer-lived oaks had a high diversity of TreM types,
which is in line with Vuidot et al. (2011) that highlighted the importance
of oaks as TreM-rich tree species. Oaks are commonly selected as
retention trees in the hemiboreal zone because of their high biodiversity
value (Koch Widerberg et al., 2012), as well as their long potential life
spans that can exceed 500 years in southern Sweden (Drobyshev and
Niklasson, 2010). However, oak vitality can be severely affected by
forest management, as oaks, especially Q. robur and Q. petraea, are light-
demanding tree species (Larsen et al., 2005). In fact, we observed that
oaks had the highest occurrence of crown deadwood, which can be
related to the dense and shady conditions occurring within conifer-
dominated production forests. In this context, in which retained oaks
are often surrounded by dense forest conditions, their lifespan can be
curtailed (Lariviere et al., 2021). Despite the fact that dead trees can
provide even more TreMs than living ones (Vuidot et al., 2011), the
longer these trees survive, the longer they will provide TreMs for forest
biodiversity (Fritz and Heilmann-Clausen, 2010).

Making allowances for the longer-term survival of these trees is
especially crucial for the development of rot holes and their associated
communities. Oaks, as well as aspens, developed the highest diversity of
rot holes but also of insect galleries (Table 3). Aspen is a common tree
species in boreal and hemiboreal regions and is also known to be an
important cavity-bearing tree (Andersson et al.,, 2018; Remm and
Lohmus, 2011). Our results indicate that by promoting different reten-
tion tree species, an array of different TreMs may be increased in pro-
duction forests. Tree species such as oaks can be actively selected for as
retained trees, even prior to the development of TreMs, as the proba-
bility of future TreM formation can be higher than other tree species
(Courbaud et al., 2022). In the meantime, pioneer species such as birch
and aspen can be also targeted since they can develop TreMs quicker
than longer-lived species such oaks (Spinu et al., 2023), and their limited
lifespan provides shorter time periods to deadwood provision; which is
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another old-growth-forest attribute essential for biodiversity (Bauhus
et al., 2009).

4.2. Old trees host higher diversity of TreMs

Tree age was the main driver of the diversity of TreM types and
groups on retention trees. To our knowledge, there is only one previous
study (Kozak et al., 2023) that analyzed the relationship between tree
age and TreM occurrence and diversity. We observed that as tree age
increased, the overall diversity of TreM types significantly increased, as
well as the occurrence of some TreM groups, including rot holes, crown
deadwood, exposed sapwood only and exposed sap- and heartwood.
This can be explained by the longer time frame needed to develop these
groups of TreMs and the increasing susceptibility of individual trees to
the age-related abiotic and biotic damages that underlie their formation
(Kozak et al., 2023). Crown deadwood is a TreM strongly associated
with ontogenic stages of maturity and senescence (Larrieu et al., 2022),
whereas rot holes originate from bark losses. It is likely that the use of
skidders and other equipment during logging promoted the bark lost in
the retained trees first, which later derived into the observed rot holes
through a saproxylation process that can take between 10 and 20 years
just to reach a first stage in the cavity development, depending on tree
species, fungi, and insects that colonize the bark. As a result, the older
the trees are, the more likely they are to create these slow-developing
TreMs (Fritz et al., 2009; Kozak et al., 2023; Ranius et al., 2009).

Tree diameter is commonly used as an indirect measure of tree age
(Asbeck et al., 2019; Larrieu and Cabanettes, 2012; Michel and Winter,
2009; Winter and Moller, 2008) since it is faster and easier to measure,
especially for forest managers that record DBH routinely (Larrieu et al.,
2018). However, as observed in our study, tree age and diameter are not
always strongly correlated (Fig. S6), as this relationship is highly
dependent on the tree species and their environmental context (Larrieu
et al., 2022). In particular, long-lived and shade-tolerant species such as
yew (Taxus baccata), silver fir (Abies alba), and beech can grow more
slowly with increasing age, relative to other tree species (Pavlin et al.,
2021). More specifically, these species are able to reduce their growth
rates significantly during extended periods of time (e.g., decades) when
there is insufficient light, and then resume higher rates of growth when
the light environment improves. In such cases, the correlation between
DBH and tree age can be very weak. The potential lack of a correlation
between tree size and age is particularly relevant to the context of our
study, as the retention trees must compete with adjacent fast growing
conifer trees for both light and resources, but also in mixed and primary
forests where suppressed trees can decrease their growth rates (Kozak
et al., 2023; Pavlin et al., 2021). We directly estimated tree age using
dendrochronology, which enabled us to include tree age in all of the
selected models that accounted for the diversity of TreM types and
groups. DBH was only maintained as an explanatory variable, although
not significant, when considering epiphytic structures. Although more
difficult to obtain than DBH, retention tree age seems to have a stronger
explanatory power of TreM type diversity and our results emphasize the
relevance of age when predicting TreM occurrence, particularly in long-
lived retention trees. In addition, the use of tree age will improve TreM
research by making studies more comparable across forests spanning
contrasting regions and management regimes.

Despite the occurrence of old retention trees in our study, many of
the trees may not have been old enough for the formation of some
TreMs, such as woodpecker breeding cavities or nests (Paillet et al.,
2017). We are aware of the limitations of our dataset and that the
absence of some TreM types should be interpreted with caution. How-
ever, it is known that some TreMs such as woodpecker foraging exca-
vations, cracks, and fruiting bodies are much less frequent on living trees
(Larrieu and Cabanettes, 2012). The presence of snags, especially large
ones, in production forest monocultures with retention trees is limited,
which likewise limits the occurrence of TreM types associated with dead
and dying trees, and their associated biodiversity.



M.T. Torres-Garcia et al.
4.3. Forest management effects on TreM diversity

Whereas production-orientated forest management often aims for
short rotation periods, retention trees act as a partial compensatory
measure that promotes old-growth attributes such as TreMs (Gustafsson
et al., 2020a). The contrast between the production and conservation
goals of the two categories of trees raises the potential for important
interactions to take place between retention and production trees that
can dictate the resultant occurrence of TreMs in production forests. For
example, the basal area of the production trees that surround the
retention tree — which is largely an outcome of silvicultural management
decisions, site fertility, the production tree species itself, and stand age —
can affect the general abundance and diversity of TreMs (Fan et al.,
2003; Slater, 2018; Winter et al., 2015). In a retention forestry context,
we found that the overall diversity of TreM types, as well as particular
types such as insect galleries, concavities, and exposed sap- and heart-
wood, were likewise associated with surrounding basal area. It is likely
that a high density of surrounding trees promoted TreMs such as dead
branches and consequently, branchless trunks in retention trees,
increasing the susceptibility to cavity formation (Larrieu et al., 2022).
We are aware that TreMs can develop over a long-time frame, and the
current basal area reflects the latest stage in the life of the retention tree.
However, TreM types such as bryophytes and lichens which are more
ephemeral, have been shown to be positively and negatively affected by
surrounding tree density respectively. These results may reflect the
contrasting physiological niche of these epiphytic species (Asbeck et al.,
2019); many forest bryophytes prefer shady wet conditions whereas li-
chens can often be more light demanding. Although the GLMM did not
show a density effect on epiphytic structures, that is the TreM group that
gather both bryophytes and lichens, the RDA did reveal such a pattern.
Therefore, production tree density can have both positive and negative
effects on the occurrence of specific TreM types, as well as on the vitality
and lifespan of some retention tree species.

4.4. Biodiversity implications and practical recommendations

We found that broadleaf retention trees can develop a high diversity
of TreMs in the intensively managed production forests of the hemi-
boreal region. The high TreM diversity we observed may in-turn indicate
high TreM-related biodiversity, at least according to the habitat het-
erogeneity hypothesis, which states that higher stand complexity will
contribute to higher species number (Tews et al., 2004). Old retention
trees, and particularly oaks, appear to be well suited to the development
of a high diversity of TreMs, particularly rot holes that can have a key
role as habitat for epiphytes, saproxylic insects (Fritz and Heilmann-
Clausen, 2010; Miiller et al., 2014), and as roosting sites by bats
(RuczynSki and Bogdanowicz, 2005). The occurrence of lichens, which
can be essential habitat for mollusks, arachnids, Coleoptera, and Lepi-
doptera (Biitler et al., 2020), was negatively related to production stem
density. However, the reduced occurrence of lichens may be countered
by the fact that the proximity and density of production stems was
associated with the increased occurrence of both insect galleries, which
are used by cavity dwellers for feeding (Paillet et al., 2018), and crown
deadwood which host specific assemblages of saproxylic fungi and
beetles (Bouget et al., 2011; Ellis and Ellis, 1998). Therefore, some
retention tree species (e.g. shade-intolerant oaks) could benefit from
reducing surrounding tree density, which will increase their life-span
(Lariviere et al., 2021) without compromising their capacity to pro-
vide an array of TreM types for multiple taxa. In contrast, shade-tolerant
tree species such as beech can tolerate denser forest conditions and
promote those TreMs associated with a higher density of surrounding
trees.

Overall, our results support the contribution of broadleaf retention
trees to the establishment and conservation of TreMs in intensive pro-
duction forests found in a hemiboreal region. The diversity of TreM
types we observed (4.2 per tree) was similar to the diversity observed in
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central Europe, where tree retention occurred within production forests
managed using continuous-cover forestry (Asbeck et al., 2019).
Retained beech trees in particular showed a similar diversity of TreM
types (3.8 per tree) to beech trees found in the mixed conifer-broadleaf
forests of Germany (3.6 TreMs per tree, Asbeck et al., 2019). However,
we observed a higher diversity of TreM groups in our production context
compared to what is reported on some production stands of central
Europe with similarly sized or even larger habitat trees (Asbeck et al.,
2020, 2019; Spinu et al., 2022). Since the number of retention trees is
usually scarce in intensively managed production forests (approximately
10 retention trees required per hectare by FSC certification in Fenno-
scandia (Forest Stewardship Council, 2020)), TreM density at stand level
can be expected to be boosted with increasing levels of retention of
habitat trees (Biitler et al., 2013) as well as with the promotion of snags
that contribute to different assemblages of TreMs (Larrieu and Caba-
nettes, 2012; Paillet et al., 2019). In this sense, further research is
needed to unveil the effects of both retention tree density and snags on
TreM occurrence in even-aged conifer-dominated production forests.

CRediT authorship contribution statement

M. Trinidad Torres-Garcia: Writing — original draft, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization,
Writing — review & editing. Per-Ola Hedwall: Writing — review &
editing, Methodology, Formal analysis, Conceptualization. Laurent
Larrieu: Writing — review & editing, Methodology. Erik Ockinger:
Writing — review & editing, Conceptualization. Henrik Johansen:
Investigation. Mats Niklasson: Writing — review & editing, Investiga-
tion. Lisa Petersson: Writing — review & editing, Investigation. Emil
Svensson: Writing — review & editing, Investigation. Jaime Uria-Diez:
Writing — review & editing, Investigation, Conceptualization. Adam
Felton: Writing - review & editing, Funding acquisition,
Conceptualization.

Declaration of competing interest

There are no conflicts of interests to declare.

Acknowledgements

M. Trinidad Torres-Garcia would like to thank Nicolas Gouix for his
advise on an early stage of this study and Sabine for her hospitality
during her stay in France. The authors also thank the editor Orsolya
Valké and the two anonymous reviewers for their constructive com-
ments, as their efforts have allowed them to further improve this
manuscript. This study was funded by the Swedish Research Council,
FORMAS grant (2019-02007).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biocon.2024.110821.

Data availability
Data will be made available on request.

References

Ahti, T., Hamet-Ahti, L., Jalas, J., 1968. Vegetation zones and their sections in
northwestern Europe. Ann. Bot. Fenn. 5, 169-211.

Andersson, J., Domingo Gémez, E., Michon, S., Roberge, J.-M., 2018. Tree cavity
densities and characteristics in managed and unmanaged Swedish boreal forest.
Scandinavian Journal of Forest Research 33 (3), 233-244. https://doi.org/10.1080/
02827581.2017.1360389.

Asbeck, T., Pyttel, P., Frey, J., Bauhus, J., 2019. Predicting abundance and diversity of
tree-related microhabitats in Central European montane forests from common forest


https://doi.org/10.1016/j.biocon.2024.110821
https://doi.org/10.1016/j.biocon.2024.110821
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0005
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0005
https://doi.org/10.1080/02827581.2017.1360389
https://doi.org/10.1080/02827581.2017.1360389

M.T. Torres-Garcia et al.

attributes. For. Ecol. Manage. 432, 400-408. https://doi.org/10.1016/j.
foreco.2018.09.043.

Asbeck, T., Messier, C., Bauhus, J., 2020. Retention of tree-related microhabitats is more
dependent on selection of habitat trees than their spatial distribution. Eur. J. For.
Res. 139 (6), 1015-1028. https://doi.org/10.1007/510342-020-01303-6.

Asbeck, T., GroBmann, J., Paillet, Y., Winiger, N., Bauhus, J., 2021. The use of tree-
related micro- habitats as forest biodiversity indicators and to guide integrated forest
management. Curr. For. Rep. 7 (1), 59-68. https://doi.org/10.1007/540725-020-
00132-5.

Asherin, L.A., Mata, S.A., 2001. Basic Tree-ring Sample Preparation Techniques for Aging
Aspen.

Bauhus, J., Puettmann, K., Messier, C., 2009. Silviculture for old-growth attributes. For.
Ecol. Manage. 258 (4), 525-537. https://doi.org/10.1016/j.foreco.2009.01.053.
Beese, W.J., Deal, J., Dunsworth, B.G., Mitchell, S.J., Philpott, T.J., 2019. Two decades of

variable retention in British Columbia: a review of its implementation and
effectiveness for biodiversity conservation. Ecol. Process. 8 (1), 33. https://doi.org/
10.1186/513717-019-0181-9.

Bouget, C., Brin, A., Brustel, H., 2011. Exploring the “last biotic frontier”: are temperate
forest canopies special for saproxylic beetles? For. Ecol. Manage. 261 (2), 211-220.
https://doi.org/10.1016/j.foreco.2010.10.007.

Brockerhoff, E.G., Barbaro, L., Castagneyrol, B., Forrester, D.1., Gardiner, B., Gonzalez-
Olabarria, J.R., Lyver, P.O.B., Meurisse, N., Oxbrough, A., Taki, H., Thompson, 1.D.,
van der Plas, F., Jactel, H., 2017. Forest biodiversity, ecosystem functioning and the
provision of ecosystem services. Biodivers. Conserv. 26 (13), 3005-3035. https://
doi.org/10.1007/5s10531-017-1453-2.

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, C. W., Nielsen, A.,
Skaug, H. J., Méachler, M., & Bolker, B. M. (2017). glmmTMB Balances Speed and
Flexibility Among Packages for Zero-inflated Generalized Linear Mixed Modeling.
The R Journal, 9, 378-400, Article 2. doi:10.32614/RJ-2017-066.

Biitler, R., Lachat, T., Larrieu, L., Paillet, Y., 2013. Habitat trees: key elements for forest
biodiversity. In: Kraus, D., Krumm, F. (Eds.), Integrative Approaches as an
Opportunity for the Conservation of Forest Biodiversity. European Forest Institute,
pp. 84-91.

Biitler, R., Lachat, T., Krumm, F., Kraus, D., Larrieu, L., 2020. Field Guide to Tree-Related
Microhabitats. Description and size limits for their inventory, Birmensdorf, Swiss
Federal Institute for Forest, Snow and Landscape Research WSL, p. 59.

Cosyns, H., Joa, B., Mikoleit, R., Krumm, F., Schuck, A., Winkel, G., Schulz, T., 2020.
Resolving the trade-off between production and biodiversity conservation in
integrated forest management: comparing tree selection practices of foresters and
conservationists. Biodivers. Conserv. 29 (13), 3717-3737. https://doi.org/10.1007/
s10531-020-02046-x.

Courbaud, B., Larrieu, L., Kozak, D., Kraus, D., Lachat, T., Ladet, S., Miiller, J., Paillet, Y.,
Sagheb-Talebi, K., Schuck, A., Stillhard, J., Svoboda, M., Zudin, S., 2022. Factors
influencing the rate of formation of tree-related microhabitats and implications for
biodiversity conservation and forest manage- ment. J. Appl. Ecol. 59 (2), 492-503.
https://doi.org/10.1111/1365-2664.14068.

Deal, R.L., Hennon, P., O’'Hanlon, R., D’Amore, D., 2013. Lessons from native spruce
forests in Alaska: managing Sitka spruce plantations worldwide to benefit
biodiversity and ecosystem services. Forestry 87 (2), 193-208. https://doi.org/
10.1093/forestry/cpt055.

Drobyshev, I., Niklasson, M., 2010. How old are the largest southern Swedish oaks?

A dendrochronological analysis. Ecol. Bull 53, 155-163.

Ellis, M.B., Ellis, J.P., 1998. Microfungi on Miscellaneous Substrates. Richmond
Publishing, An identification hanbook.

Fan, Z., Larsen, D.R., Shifley, S.R., Thompson, F.R., 2003. Estimating cavity tree
abundance by stand age and basal area, Missouri, USA. For. Ecol. Manage. 179 (1),
231-242. https://doi.org/10.1016/50378-1127(02)00522-4.

FAO, 2020. Global Forest Resources Assessment 2020: Main report. https://www.fao.org
/documents/card/en/c/ca9825en.

Fedrowitz, K., Koricheva, J., Baker, S.C., Lindenmayer, D.B., Palik, B., Rosenvald, R.,
Beese, W., Franklin, J.F., Kouki, J., Macdonald, E., Messier, C., Sverdrup-
Thygeson, A., Gustafsson, L., 2014. REVIEW: can retention forestry help conserve
biodiversity? A meta-analysis. Journal of Applied Ecology 51 (6), 1669-1679.
https://doi.org/10.1111/1365-2664.12289.

Felton, A., Belyazid, S., Eggers, J., Nordstrom, E.-M., Ohman, K., 2024. Climate change
adaptation and mitigation strategies for production forests: trade-offs, synergies, and
uncertainties in biodiver- sity and ecosystem services delivery in Northern Europe.
Ambio 53 (1), 1-16. https://doi.org/10.1007/s13 280-023-01909-1.

Forest Stewardship Council, 2020. The FSC National Forest Stewardship Standard of
Sweden. Forest Stewardship Council (FSC), Bonn, Germany, p. 102.

Franklin, J.F., 1989. Towards a new forestry. Am. For. 95, 37-44.

Fritz, O., Heilmann-Clausen, J., 2010. Rot holes create key microhabitats for epiphytic
lichens and bryophytes on beech (Fagus sylvatica). Biol. Conserv. 143 (4),
1008-1016. https://doi.org/10.1016/j.biocon.2010.01.016.

Fritz, O., Niklasson, M., Churski, M., 2009. Tree age is a key factor for the conservation of
epiphytic lichens and bryophytes in beech forests. Appl. Veg. Sci. 12 (1), 93-106.
https://doi.org/10.1111/j.1654-109X.2009.01007 .x.

Gilman, E.F., 2011. An Illustrative Guide to Pruning, Third edition. Delmar Publishers.

Gustafsson, L., Perhans, K., 2010. Biodiversity conservation in Swedish forests: ways
forward for a 30-year-old multi-scaled approach. Ambio 39 (8), 546-554. https://
doi.org/10.1007/513280-010-0071-y.

Gustafsson, L., Kouki, J., Sverdrup-Thygeson, A., 2010. Tree retention as a conservation
measure in clear-cut forests of northern Europe: a review of ecological consequences.
Scandinavian Journal of Forest Research 25 (4), 295-308. https://doi.org/10.1080/
02827581.2010.497495.

Biological Conservation 299 (2024) 110821

Gustafsson, L., Baker, S.C., Bauhus, J., Beese, W.J., Brodie, A., Kouki, J., Lindenmayer, D.
B., Lohmus, A., Pastur, G.M., Messier, C., Neyland, M., Palik, B., Sverdrup-
Thygeson, A., Volney, W.J.A., Wayne, A., Franklin, J.F., 2012. Retention forestry to
maintain multifunctional forests: a world perspective. Bioscience 62 (7), 633-645.
https://doi.org/10.1525/bi0.2012.62.7.6.

Gustafsson, L., Bauhus, J., Asbeck, T., Augustynczik, A.L.D., Basile, M., Frey, J.,
Gutzat, F., Hanewinkel, M., Helbach, J., Jonker, M., Knuff, A., Messier, C., Penner, J.,
Pyttel, P., Reif, A., Storch, F., Winiger, N., Winkel, G., Yousefpour, R., Storch, I,
2020a. Retention as an integrated biodiversity conservation approach for
continuous-cover forestry in Europe. Ambio 49 (1), 85-97. https://doi.org/10.1007/
513280-019-01190-1.

Gustafsson, L., Hannerz, M., Koivula, M., Shorohova, E., Vanha-Majamaa, I., Weslien, J.,
2020b. Research on retention forestry in Northern Europe. Ecological Processes 9
(1), 3. https://doi.org/10.1186/s13717-019-0208-2.

Kitching, R.L., 1971. An ecological study of water-filled tree-holes and their position in
the woodland ecosystem. J. Anim. Ecol. 40 (2), 281-302. https://doi.org/10.2307/
3247.

Koch Widerberg, M., Ranius, T., Drobyshev, I., Nilsson, U., Lindbladh, M., 2012.
Increased openness around retained oaks increases species richness of saproxylic
beetles. Biodivers. Conserv. 21 (12), 3035-3059. https://doi.org/10.1007/s10531-
012-0353-8.

Korhonen, L., Korhonen, K.T., Stenberg, P., Maltamo, M., Rautiainen, M., 2007. Local
models for forest canopy cover with beta regression 41. https://doi.org/10.14214/
sf.275.

Korkjas, M., Remm, L., Lohmus, A., 2021. Tree-related microhabitats on live Populus
tremula and Picea abies in relation to tree age, diameter, and stand factors in
Estonia. Eur. J. For. Res. 140 (5), 1227-1241. https://doi.org/10.1007/s10342-021-
01396-7.

Korkjas, M., Remm, L., Lohmus, P., Lohmus, A., 2023. From tree-related microhabitats to
ecosystem management: a tree-scale investigation in productive forests in Estonia.
Journal of Environmen- tal Management 343, 118245. https://doi.org/10.1016/j.
jenvman.2023.118245.

Kozak, D., Svitok, M., Zemlerova, V., Mikolas, M., Lachat, T., Larrieu, L., Paillet, Y.,
Buechling, A., Bace, R., Keeton, W.S., Vitkova, L., Begovi¢, K., Cada, V., Dusétko, M.,
Ferencik, M., Frankovi¢, M., Gloor, R., Hofmeister, J., Janda, P., et al., 2023.
Importance of conserving large and old trees to continuity of tree-related
microhabitats. Conserv. Biol. 37 (3), €14066. https://doi.org/10.1111/cobi.14066.

Lariviere, D., Holmstrom, E., Brunet, J., Weslien, J., 2021. Release of retained oaks in
Norway spruce plantations. A 10-year perspective on oak vitality, spruce wood
production and ground vegetation. For. Ecol. Manage. 480, 118670. https://doi.org/
10.1016/j.foreco.2020.118670.

Larrieu, L., 2014. Dendromicrohabitats: Key Factors in their Occurrence in Forest Stands,
Impact of Management and Relationships with Taxonomic Biodiversity.

Larrieu, L., Cabanettes, A., 2012. Species, live status, and diameter are important tree
features for diversity and abundance of tree microhabitats in subnatural montane
beech-fir forests1This article is one of a selection of papers from the International
Symposium on Dynamics and Ecological Services of Deadwood in Forest Ecosystems.
Can. J. For. Res. 42 (8), 1433-1445. https://doi.org/10.1139/x2012-077.

Larrieu, L., Cabanettes, A., Delarue, A., 2012. Impact of silviculture on dead wood and on
the distribution and frequency of tree microhabitats in montane beech-fir forests of
the Pyrenees. Eur. J. For. Res. 131 (3), 773-786. https://doi.org/10.1007/s10342-
011-0551-z.

Larrieu, L., Paillet, Y., Winter, S., Biitler, R., Kraus, D., Krumm, F., Lachat, T., Michel, A.
K., Regnery, B., Vandekerkhove, K., 2018. Tree related microhabitats in temperate
and Mediterranean European forests: a hierarchical typology for inventory
standardization. Ecol. Indic. 84, 194-207. https://doi.org/10.1016/j.
ecolind.2017.08.051.

Larrieu, L., Cabanettes, A., Courbaud, B., Goulard, M., Heintz, W., Kozék, D., Kraus, D.,
Lachat, T., Ladet, S., Miiller, J., Paillet, Y., Schuck, A., Stillhard, J., Svoboda, M.,
2021. Co-occurrence patterns of tree-related microhabitats: a method to simplify
routine monitoring. Ecol. Indic. 127, 107757. https://doi.org/10.1016/j.
ecolind.2021.107757.

Larrieu, L., Courbaud, B., Drénou, C., Goulard, M., Biitler, R., Kozak, D., Kraus, D.,
Krumm, F., Lachat, T., Miiller, J., Paillet, Y., Schuck, A., Stillhard, J., Svoboda, M.,
Vandekerkhove, K., 2022. Pers- pectives: key factors determining the presence of
tree-related microhabitats: a synthesis of potential factors at site, stand and tree
scales, with perspectives for further research. For. Ecol. Manage. 515, 120235.
https://doi.org/10.1016/j.foreco.2022.120235.

Larsen, J., Raulund-Rasmussen, K., Callesen, I., 2005. Choice of tree species - the ecology
of included tree species [Traeartsvalget - de enkelte traearters gkologi.]. DST-Dansk
Skovbrugs Tidsskrift 90 (1/2), 139-169.

Lilja, S., Kuuluvainen, T., 2005. Structure of old Pinus sylvestris dominated forest stands
along a geographic and human impact gradient in mid-boreal Fennoscandia 39.
https://doi.org/10.14214/s£.377.

Lindenmayer, D.B., Laurance, W.F., 2017. The ecology, distribution, conservation and
management of large old trees. Biol. Rev. 92 (3), 1434-1458. https://doi.org/
10.1111/brv.12290.

Lindenmayer, D.B., Laurance, W.F., Franklin, J.F., Likens, G.E., Banks, S.C.,

Blanchard, W., Gibbons, P., Ikin, K., Blair, D., McBurney, L., Manning, A.D., Stein, J.
AR., 2014. New policies for old trees: averting a global crisis in a keystone
ecological structure. Conserv. Lett. 7 (1), 61-69. https://doi.org/10.1111/
conl.12013.

Loehle, C., 1988. Tree life history strategies: the role of defenses. Can. J. For. Res. 18 (2),
209-222. https://doi.org/10.1139/x88-032.

Majdi, N., Araujo, T., Bekkouche, N., Fontaneto, D., Garrigue, J., Larrieu, L.,
Kamburska, L., Kieneke, A., Minowa, A., Laumer, C., Sabatino, R., Sorel, D., Stec, D.,


https://doi.org/10.1016/j.foreco.2018.09.043
https://doi.org/10.1016/j.foreco.2018.09.043
https://doi.org/10.1007/s10342-020-01303-6
https://doi.org/10.1007/s40725-020-00132-5
https://doi.org/10.1007/s40725-020-00132-5
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0030
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0030
https://doi.org/10.1016/j.foreco.2009.01.053
https://doi.org/10.1186/s13717-019-0181-9
https://doi.org/10.1186/s13717-019-0181-9
https://doi.org/10.1016/j.foreco.2010.10.007
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.32614/RJ-2017-066
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0055
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0055
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0055
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0055
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0060
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0060
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0060
https://doi.org/10.1007/s10531-020-02046-x
https://doi.org/10.1007/s10531-020-02046-x
https://doi.org/10.1111/1365-2664.14068
https://doi.org/10.1093/forestry/cpt055
https://doi.org/10.1093/forestry/cpt055
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0080
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0080
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0085
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0085
https://doi.org/10.1016/S0378-1127(02)00522-4
https://www.fao.org/documents/card/en/c/ca9825en
https://www.fao.org/documents/card/en/c/ca9825en
https://doi.org/10.1111/1365-2664.12289
https://doi.org/10.1007/s13 280-023-01909-1
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf202410202337008587
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf202410202337008587
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0110
https://doi.org/10.1016/j.biocon.2010.01.016
https://doi.org/10.1111/j.1654-109X.2009.01007.x
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0125
https://doi.org/10.1007/s13280-010-0071-y
https://doi.org/10.1007/s13280-010-0071-y
https://doi.org/10.1080/02827581.2010.497495
https://doi.org/10.1080/02827581.2010.497495
https://doi.org/10.1525/bio.2012.62.7.6
https://doi.org/10.1007/s13280-019-01190-1
https://doi.org/10.1007/s13280-019-01190-1
https://doi.org/10.1186/s13717-019-0208-2
https://doi.org/10.2307/3247
https://doi.org/10.2307/3247
https://doi.org/10.1007/s10531-012-0353-8
https://doi.org/10.1007/s10531-012-0353-8
https://doi.org/10.14214/sf.275
https://doi.org/10.14214/sf.275
https://doi.org/10.1007/s10342-021-01396-7
https://doi.org/10.1007/s10342-021-01396-7
https://doi.org/10.1016/j.jenvman.2023.118245
https://doi.org/10.1016/j.jenvman.2023.118245
https://doi.org/10.1111/cobi.14066
https://doi.org/10.1016/j.foreco.2020.118670
https://doi.org/10.1016/j.foreco.2020.118670
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0190
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0190
https://doi.org/10.1139/x2012-077
https://doi.org/10.1007/s10342-011-0551-z
https://doi.org/10.1007/s10342-011-0551-z
https://doi.org/10.1016/j.ecolind.2017.08.051
https://doi.org/10.1016/j.ecolind.2017.08.051
https://doi.org/10.1016/j.ecolind.2021.107757
https://doi.org/10.1016/j.ecolind.2021.107757
https://doi.org/10.1016/j.foreco.2022.120235
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0220
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0220
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0220
https://doi.org/10.14214/sf.377
https://doi.org/10.1111/brv.12290
https://doi.org/10.1111/brv.12290
https://doi.org/10.1111/conl.12013
https://doi.org/10.1111/conl.12013
https://doi.org/10.1139/x88-032

M.T. Torres-Garcia et al.

Traunspurger, W., 2024. Freshwater and limno-terrestrial meiofauna of the Massane
Forest Reserve in the Eastern French Pyrenees. Biogeographia 39 (1). https://doi.
org/10.21426/B639162226.

Martin, M., Fenton, N.J., Morin, H., 2021. Tree-related microhabitats and deadwood
dynamics form a diverse and constantly changing mosaic of habitats in boreal old-
growth forests. Ecol. Indic. 128, 107813. https://doi.org/10.1016/j.
ecolind.2021.107813.

Michel, A.K., Winter, S., 2009. Tree microhabitat structures as indicators of biodiversity
in Douglas-fir forests of different stand ages and management histories in the Pacific
Northwest, U.S.A. For. Ecol. Manage. 257 (6), 1453-1464. https://doi.org/10.1016/
j.foreco.2008.11.027.

Morris, H., Brodersen, C., Schwarze, F.W.M.R., Jansen, S., 2016. The parenchyma of
secondary xylem and its critical role in tree defense against fungal decay in relation
to the CODIT model [review]. Front. Plant Sci. 7. https://doi.org/10.3389/
fpls.2016.01665.

Miiller, J., Jarzabek-Miiller, A., Bussler, H., Gossner, M.M., 2014. Hollow beech trees
identified as keystone structures for saproxylic beetles by analyses of functional and
phylogenetic diversity. Anim. Conserv. 17 (2), 154-162. https://doi.org/10.1111/
acv.12075.

Muys, B., Angelstam, P., Bauhus, J., Bouriaud, L., Jactel, H., Kraigher, H., Miiller, J.,
Pettorelli, N., Potzelsberger, E., Primmer, E., Svoboda, M., Thorsen, J.B., Van
Meerbeek, K., 2022. Forest Biodiversity in Europe. In: Science to Policy 13, Issue.

Paillet, Y., Archaux, F., Boulanger, V., Debaive, N., Fuhr, M., Gilg, O., Gosselin, F.,
Guilbert, E., 2017. Snags and large trees drive higher tree microhabitat densities in
strict forest reserves. For. Ecol. Manage. 389, 176-186. https://doi.org/10.1016/j.
foreco.2016.12.014.

Paillet, Y., Archaux, F., du Puy, S., Bouget, C., Boulanger, V., Debaive, N., Gilg, O.,
Gosselin, F., Guilbert, E., 2018. The indicator side of tree microhabitats: a multi-
taxon approach based on bats, birds and saproxylic beetles. J. Appl. Ecol. 55 (5),
2147-2159. https://doi.org/10.1111/1365-2664.13181.

Paillet, Y., Debaive, N., Archaux, F., Cateau, E., Gilg, O., Guilbert, E., 2019. Nothing else
matters? Tree diameter and living status have more effects than biogeoclimatic
context on microhabitat number and occurrence: an analysis in French forest
reserves. PloS One 14 (5), e0216500. https://doi.org/10.1371/journal.
pone.0216500.

Pavlin, J., Nagel, T.A., Svitok, M., Pettit, J.L., Begovi¢, K., Mikac, S., Dikku, A.,
Toromani, E., Panayotov, M., Zlatanov, T., Haruta, O., Dorog, S., Chaskovskyy, O.,
Mikolds, M., Janda, P., Frankovi¢, M., Rodrigo, R., Vostarek, O., Synek, M.,
Svoboda, M., 2021. Disturbance history is a key driver of tree life span in temperate
primary forests [article]. J. Veg. Sci. 32(5), Article e13069. https://doi.org/
10.1111/jvs.13069.

Ranius, T., Niklasson, M., Berg, N., 2009. Development of tree hollows in pedunculate
oak (Quercus robur). For. Ecol. Manage. 257 (1), 303-310.

Regnery, B., Couvet, D., Kubarek, L., Julien, J.-F., Kerbiriou, C., 2013. Tree microhabitats
as indicators of bird and bat communities in Mediterranean forests. Ecol. Indic. 34,
221-230. https://doi.org/10.1016/j.ecolind.2013.05.003.

Biological Conservation 299 (2024) 110821

Remm, J., Lohmus, A., 2011. Tree cavities in forests — the broad distribution pattern of a
keystone structure for biodiversity. For. Ecol. Manage. 262 (4), 579-585. https://
doi.org/10.1016/j. foreco.2011.04.028.

RuczynSKki, I., Bogdanowicz, W., 2005. Roost cavity selection by Nyctalus noctula and N.
leisleri (Vespertilionidae, Chiroptera) in Bialowieza Primeval Forest, Eastern Poland.
J. Mammal. 86 (5), 921-930. https://doi.org/10.1644/1545-1542(2005)86[921:
Resbnn]2.0.Co;2.

Simonsson, P., Gustafsson, L., Ostlund, L., 2015. Retention forestry in Sweden: driving
forces, debate and implementation 1968-2003. Scandinavian Journal of Forest
Research 30 (2), 154-173. https://doi.org/10.1080/02827581.2014.968201.

Slater, D., 2018. The association between natural braces and the development of bark-
included junctions in trees. Arboricultural Journal 40 (1), 16-38. https://doi.org/
10.1080/03071375.2018.1415556.

SMHI, 2019. Temperature and Precipitation in Sweden 1991-2013. SMHI Swedish
Meteorological and Hydrological Institute.

Smith, K.T., 2015. Compartmentalization, resource allocation, and wood quality. Current
Forestry Reports 1 (1), 8-15. https://doi.org/10.1007/s40725-014-0002-4.

Spinu, A.P., Asbeck, T., Bauhus, J., 2022. Combined retention of large living and dead
trees can improve provision of tree-related microhabitats in central European
montane forests. Eur. J. For. Res. 141 (6), 1105-1120. https://doi.org/10.1007/
510342-022-01493-1.

Spinu, A.P., Mysiak, W., Bauhus, J., Bielak, K., Niklasson, M., 2023. Pioneer tree species
accelerate restoration of tree-related microhabitats in 50-year-old reserves of
Biatowieza Forest, Poland. Ecol. Evol. 13 (7), e10238. https://doi.org/10.1002/
ece3.10238.

Tews, J., Brose, U., Grimm, V., Tielborger, K., Wichmann, M.C., Schwager, M., et al.,
2004. Animal species diversity driven by habitat heterogeneity/diversity: the
importance of keystone structures. J. Biogeogr. 31 (1), 79-92. https://doi.org/
10.1046/j.0305-0270.2003.00994.x.

Vanha-Majamaa, I., Jalonen, J., 2001. Green tree retention in Fennoscandian forestry.
Scand. J. For. Res. 16 (sup003), 79-90. https://doi.org/10.1080/
028275801300004433.

Vuidot, A., Paillet, Y., Archaux, F., Gosselin, F., 2011. Influence of tree characteristics
and forest management on tree microhabitats. Biol. Conserv. 144 (1), 441-450.
https://doi.org/10.1016/j.biocon.2010.09.030.

Wesotowski, T., 2007. Lessons from long-term hole-nester studies in a primeval
temperate forest. J. Ornithol. 148 (2), 395-405. https://doi.org/10.1007/s10336-
007-0198-1.

Winter, S., Méller, G.C., 2008. Microhabitats in lowland beech forests as monitoring tool
for nature conservation. For. Ecol. Manage. 255 (3), 1251-1261. https://doi.org/
10.1016/j.foreco.2007. 10.029.

Winter, S., Hofler, J., Michel, A.K., Bock, A., Ankerst, D.P., 2015. Association of tree and
plot charac- teristics with microhabitat formation in European beech and Douglas-fir
forests. Eur. J. For. Res. 134 (2), 335-347. https://doi.org/10.1007/s10342-014-
0855-x.

Zuur, A.F., Ieno, E.N., Elphick, C.S., 2010. A protocol for data exploration to avoid
common statistical problems. Methods Ecol. Evol. 1 (1), 3-14. https://doi.org/
10.1111/j.2041-210X.2009.00001.x.


https://doi.org/10.21426/B639162226
https://doi.org/10.21426/B639162226
https://doi.org/10.1016/j.ecolind.2021.107813
https://doi.org/10.1016/j.ecolind.2021.107813
https://doi.org/10.1016/j.foreco.2008.11.027
https://doi.org/10.1016/j.foreco.2008.11.027
https://doi.org/10.3389/fpls.2016.01665
https://doi.org/10.3389/fpls.2016.01665
https://doi.org/10.1111/acv.12075
https://doi.org/10.1111/acv.12075
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0270
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0270
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0270
https://doi.org/10.1016/j.foreco.2016.12.014
https://doi.org/10.1016/j.foreco.2016.12.014
https://doi.org/10.1111/1365-2664.13181
https://doi.org/10.1371/journal.pone.0216500
https://doi.org/10.1371/journal.pone.0216500
https://doi.org/10.1111/jvs.13069
https://doi.org/10.1111/jvs.13069
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0295
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0295
https://doi.org/10.1016/j.ecolind.2013.05.003
https://doi.org/10.1016/j. foreco.2011.04.028
https://doi.org/10.1016/j. foreco.2011.04.028
https://doi.org/10.1644/1545-1542(2005)86[921:Rcsbnn]2.0.Co;2
https://doi.org/10.1644/1545-1542(2005)86[921:Rcsbnn]2.0.Co;2
https://doi.org/10.1080/02827581.2014.968201
https://doi.org/10.1080/03071375.2018.1415556
https://doi.org/10.1080/03071375.2018.1415556
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0320
http://refhub.elsevier.com/S0006-3207(24)00383-5/rf0320
https://doi.org/10.1007/s40725-014-0002-4
https://doi.org/10.1007/s10342-022-01493-1
https://doi.org/10.1007/s10342-022-01493-1
https://doi.org/10.1002/ece3.10238
https://doi.org/10.1002/ece3.10238
https://doi.org/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1080/028275801300004433
https://doi.org/10.1080/028275801300004433
https://doi.org/10.1016/j.biocon.2010.09.030
https://doi.org/10.1007/s10336-007-0198-1
https://doi.org/10.1007/s10336-007-0198-1
https://doi.org/10.1016/j.foreco.2007. 10.029
https://doi.org/10.1016/j.foreco.2007. 10.029
https://doi.org/10.1007/s10342-014-0855-x
https://doi.org/10.1007/s10342-014-0855-x
https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.1111/j.2041-210X.2009.00001.x

	Tree and stand characteristics jointly predict tree-related microhabitats on retention trees in production forests
	1 Introduction
	2 Methodology
	2.1 Study area
	2.2 TreM assessment
	2.3 Statistical analysis

	3 Results
	4 Discussion
	4.1 Broadleaf retention trees as a key source of TreMs
	4.2 Old trees host higher diversity of TreMs
	4.3 Forest management effects on TreM diversity
	4.4 Biodiversity implications and practical recommendations

	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	datalink4
	References


