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Tree-related microhabitats (TreM) and deadwood are two forest attributes providing essential resources for
biodiversity conservation and ecosystem services. Old-growth forests are generally defined by a high abundance
and diversity of TreM and deadwood, but little is known about TreM and deadwood dynamics once the old-

. growth stage is reached, in particular in the boreal biome. In this context, knowledge on TreM and deadwood
Forest succession . . . . . .
Forest dynamics dynamics in old-growth forest stands is necessary to better understand how these forests contribute to biodi-
TreM versity and ecosystem services. The aim of this study is thus to determine how TreM, and deadwood abundance
wildlife habitat and diversity vary within boreal old-growth forests. To reach this objective, we surveyed TreM and deadwood
attributes, as well as structural and abiotic attributes, in 71 boreal old-growth forests situated in Quebec, Canada.
We used hierarchical clustering analysis to identify TreM and deadwood abundance and diversity patterns in the
studied stands. We identified five clusters of TreM and deadwood characteristics, which corresponded to three
stages of old-growth forest succession: canopy break-up (beginning of the old-growth stage), transition old-
growth stage (replacement of the first cohort by old-growth cohorts) and true old-growth stage (first cohort
all or almost all gone). The peak in TreM richness and diversity was reached at the transition old-growth stage,
whereas the peak for deadwood richness and diversity was reached at the true old-growth stage. Overall, true
old-growth forests were defined by a combination of moderate to high TreM density and high deadwood volume,
but these values significantly varied among stands depending on past secondary disturbances, stand structure
and its composition (black spruce [Picea mariana Mill.] dominated vs mixed black spruce — balsam fir [Abies
balsamea (L.) Mill.]). These results therefore underscore the importance of considering old-growth forests as
dynamic rather than static ecosystems, as the composition of tree- and deadwood-related microhabitats in the
same old-growth stand may markedly change over time. At landscape scale, these results also imply that the
mosaic of habitats present in old-growth forests can vary greatly from one location to another, highlighting the
importance of maintaining a diversity of old-growth forest structure and composition.

1. Introduction

Forest ecosystems provide vital habitats for a significant part of the
world’s biodiversity as well as multiple ecosystem functions and ser-
vices, such as carbon storage and water provision (Forest Europe, 2015;
Watson et al., 2018; Warren et al., 2019). Human activities have how-
ever significantly degraded forest landscapes over the centuries,
resulting in an increasing loss and fragmentation of natural forests
(Aksenov et al., 1999; Achard et al., 2009; Watson et al., 2018) as well as
a simplification of stand structure and composition in managed

compared to natural forests (Winter and Moller, 2008; Bauhus et al.,
2009; Puettmann et al., 2009). As a consequence, doubts have been
raised about the capacity of remnant forest ecosystems to maintain their
associated biodiversity and ecosystem services in a context of global
change (Gauthier et al., 2015a; Franklin et al., 2016; Seidl et al., 2016).
For these reasons, emphasis is now placed on alternative approaches,
such as “close-to-nature” or “ecosystem based” management (e.g.,
Kuuluvainen, 2002; Gauthier et al., 2009; Puettmann et al., 2009). These
strategies generally aim to reduce the gap between managed and natural
forests in order to offset the loss of biodiversity and ecosystem services
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caused by human activities (Puettmann et al., 2009; Park et al., 2014).
Primary forests, i.e., large forests of high naturalness almost or
completely undisturbed by human activities (Sabatini et al. 2018), and
old-growth forests, i.e., stands at the latest succession stage and driven
by secondary disturbances (Wirth et al. 2009), are the most commonly
considered references for natural forests. Primary forests are however
not necessarily old-growth (e.g., primary forest recently burned by a
wildfire), and old-growth forests are not necessarily primary (e.g., for-
ests previously managed and abandoned since centuries) (Buchwald,
2005; Wirth et al., 2009). Overall, the effectiveness of management
strategies strongly depends on the quality of our knowledge about the
characteristics and dynamics of these ecosystems.

A common approach used to evaluate the similarity between
managed and primary forests is the use of structural indicators (Angers
et al., 2005; Paillet et al., 2015; Storch et al., 2018), with deadwood
(standing or downed) as one of the most commonly used indicators.
Deadwood abundance and diversity have a significant importance for
biodiversity and ecosystem services, but it is also one of the attributes
most negatively affected by forest management (Puettmann et al., 2009;
Stokland et al., 2012; Winter, 2012). Moreover, there has been growing
interest in tree-related microhabitats (hereafter: “TreM”), i.e., “distinct,
well delineated structures occurring on living or standing dead trees, that
constitute a particular and essential substrate or life site for species or species
communities during at least a part of their life cycle to develop, feed, shelter or
breed” (Larrieu et al. 2018). Woodpecker cavities are perhaps the best
known and most studied TreM but there are actually a wide variety of
types (e.g., exposed sapwood, cracks, bark pockets, dendrotelm — water-
filled holes — funnel spider webs...), each defined by specific faunal,
floral and/or fungal users (Michel et al., 2011; Larrieu et al., 2018;
Paillet et al., 2018). Many of these TreM can be perceived as signs of a
reduced longevity or a decrease in wood quality by forest managers,
hence as “defects” (Martin and Raymond, 2019). For this reason, TreM
density and diversity often decrease as the anthropogenic impact on
forest ecosystems increases, for example through forestry practices such
as thinning or short-rotation silviculture (Winter and Moller, 2008;
Michel and Winter, 2009; Dieler et al., 2017).

Old-growth forests are generally expected to be the forest ecosystems
defined by the highest deadwood and TreM abundance and diversity
(Michel and Winter, 2009; Wirth et al., 2009; McGee, 2019). TreM and
deadwood are often less abundant and diverse, if not absent, in younger
and/or managed forests (Michel and Winter, 2009; Paillet et al., 2015;
Martin et al., 2018). For this reason, old-growth forests are often viewed
as models to be emulated for promoting naturalness and biodiversity
conservation in managed stands (Bauhus et al., 2009; Puettmann et al.,
2009; Keeton et al., 2019). However, recent research emphasized that
the term “old-growth forest” encompasses a wide variety of changing
forest structures at the stand scale (Halpin and Lorimer, 2016; Meigs
et al., 2017; Kozak et al., 2020). Consequently, it is likely that the
composition of TreM and deadwood will significantly vary from one old-
growth structure to another. For example, an old-growth forest recently
disturbed by a moderate-severity windthrow may be defined by a higher
volume of early-decayed deadwood and a higher density of trees with
broken branches or tops (i.e., TreM trees) than an old-growth forest that
has not been significantly disturbed over the last decades. Acknowl-
edging this diversity in deadwood and TreM composition in old-growth
forests, as well as identifying the processes explaining this diversity, are
therefore necessary steps to ensure sustainable forest management.

Primary and old-growth forests that can be used as models are still
abundant in the boreal territories of Canada and Russia (Potapov et al.
2017). In eastern Canada, a significant proportion of primary boreal
forests are also at the old-growth succession stage, due to relatively long
(>200 years) fire cycles (Cyr et al., 2009; Gauthier et al., 2015b;
Grondin et al., 2018). The availability of old and undisturbed forest
stands made it possible to highlight the structural diversity and dy-
namics of old-growth forests in this region (Martin et al., 2018; Portier
et al,, 2018; Moussaoui et al., 2019). They can therefore help to
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implement protection or restoration strategies in landscapes where these
ecosystems have almost disappeared or are in decline (Watson et al.
2018). However, the complexity of secondary disturbance regimes and
regeneration processes in these ecosystems suggests the existence of
changing and diverse deadwood dynamics (Aakala et al., 2007; Martin
et al.,, 2018, 2019). TreM dynamics are harder to evaluate because,
except for woodpecker cavities (e.g., Tremblay et al., 2015; Andersson
et al., 2018; Hardenbol et al., 2019), knowledge about TreM in boreal
old-growth forests is scarce (e.g., Lilja and Kuuluvainen, 2005). This
knowledge gap particularly concerns living TreM-bearing trees (here-
after, “TreM trees”). For example, cavities are generally observed on
broadleaved and/or large (diameter at breast height [DBH] > 20 cm)
boreal trees (Martin et al., 2004; Tremblay et al., 2015), and may be
scarce in boreal old-growth forests, dominated by relatively small
coniferous trees (Vaillancourt et al., 2008; Cadieux and Drapeau, 2017).
There is therefore an urgent need to better understand the characteris-
tics of habitat trees other than cavity trees. Moreover, boreal old-growth
forests are under increasing pressure due to the expansion of logging
activities towards the north, as they are not systematically protected
(Cyretal., 2009; Grondin et al., 2018; Martin et al., 2020a). This implies
a risk of losing in the coming years references of natural forests that
could play a key role in the establishment of sustainable forest man-
agement strategies. In this context, a better understanding of deadwood
and TreM dynamics in boreal old-growth forests of eastern Canada is
therefore urgently needed to evaluate the impacts of logging on biodi-
versity and to propose alternative management strategies. Thus, the
objective of this study is to determine how TreM and deadwood abun-
dance and diversity vary within boreal old-growth forests of eastern
Canada. We hypothesize that abundance and diversity of TreM and
deadwood will progressively increase during the transition towards the
old-growth stage. However, once the old-growth stage is reached, it is
likely that the deadwood and TreM characteristics will vary depending
on the intensity and time since the last secondary disturbance.

2. Methods
2.1. Study area

The study area (Fig. 1) is a 2200 km? area of public land south east of
Lake Mistassini (from 72°15'00” W to 72°30’00” W and from 50°07'23"
N to 50°30’00” N), part of the black spruce (Picea mariana [Mill.))) —
feather moss bioclimatic domain (Robitaille and Saucier, 1998). Black
spruce and balsam fir (Abies balsamea [L.) Mill.) are the dominant tree
species in this territory. Jack pine (Pinus banksiana [Lamb.], white
spruce (Picea glauca [Moench] Voss), paper birch (Betula papyrifera
[Marsh.]) and trembling aspen (Populus tremuloides [Michx.]) are also
present to a lesser extent but rarely form monospecific stands. Thick
glacial tills are the dominant surface deposits, forming a topography
characterized by gentle hills. The altitude ranges from 350 to 750 m,
mean annual temperature from —2.5 to 0.0 °C, annual rainfall (rain and
snow) from 700 to 1000 mm and growing season length from 120 to 155
days. The fire cycle ranges from 200 years to 272 years (Gauthier et al.,
2015b; Couillard et al., 2016), implying that old-growth forests (here
defined as stands older than 100 years, sensu Bergeron and Harper
[2009]) are abundant in this area. Timber exploitation started in 1991 at
a low level until the year 2000, when harvest levels increased. All the
forests on this territory that have not been harvested since the beginning
of timber exploitation are therefore primary forests, even if they are not
necessarily old-growth forests (e.g., forests recently burned).

This territory was chosen because of its relatively recent opening to
logging activities. Many old-growth forests were therefore still present
on the area and accessible by road, as they had not yet been harvested.
Moreover, the presence of a forestry camp within the area also greatly
simplified field sampling logistics
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Fig. 1. Location of the sampled sites and main landscape classes in the study territory. The data used for this map — except sample site location — are made freely
available by the Government of Quebec (www.donneesquebec.ca). Ancient fire maps may ignore unburned islands within a fire polygon. *: operational definition of
old-growth forests, i.e., stands unburned since at least 100 years (MFFP, 2016). The insert map indicates the localization of the study territory in Canada.

2.2. Sampling territory and were selected for sampling (Table 1). We sampled sites
belonging to the previous stand age/environmental types that were

We selected 71 sites in forests unburned since 1935 within the study
area, based on stratified random sampling defined according to stand
age and environmental attributes (Martin et al. 2018). Five dominant
and codominant trees were cored at stem base during a preliminary
survey to estimate the minimum time since the last fire. The term “old-
growth” can refer to stands at different successional stages, with trees
from the first cohort following the last stand-replacing disturbance still

Table 1

Number of sampled sites by environmental types and age-class combination. The
age classes presented here are those measured from the ten basal discs sampled
at each site; these values represent the age of the oldest tree sampled but not
necessarily the age of the stand.

being present in different proportions. For greater clarity, it is possible to fnvjmnmemal Age class
distinguish “transition” old-growth forests (trees from the first cohort YPe

are still abundant) from “true” old-growth forests (trees from the first Potential Slope Surficial Drainage 80200 >200
cohort have all or almost all been replaced by new shade-tolerant co- vegetation deposit years years
horts) (Oliver and Larson, 1996; Wirth et al., 2009). We thus defined two Bal?am fir-white Medium  Till Mesic 9 3
age classes that were most likely to discriminate the different old-growth Bl:z(d;pmce_ Low Sand Xeric . 4
stages in Eastern Canadian boreal forests (Uhlig et al., 2001; Bergeron feather moss

and Harper, 2009; Gauthier et al., 2010): 80-200 years (most likely Black spruce- Low Till Mesic 9 8
transition old-growth) and greater than 200 years (most likely true old- feather moss

growth). Second, we used the Québec’s Ministry of Forests, Wildlife and Black spruce- Low Till Subhydric 6 7
Parks (MFWP) ecological classification to identify the dominant envi- Bliif;;u[?zss Low Organic Hydric 5 5
ronmental types in the study territory, defined by the combination of sphagnum

stand potential vegetation, slope, surface deposit and drainage. Six of Black spruce- Medium  Till Mesic 6 5
these types represented more than 72% of the forests in the study balsam fir
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accessible by forest road. To limit edge effects and associated bias,
sampling was performed at least 125 m from the stand edge in each site.

For each site, we defined a 400 m? square plot with nested sub-plots
and/or transects (Appendix A). In the 400 m? plot, we surveyed each
living tree and standing deadwood (hereafter, “snags™) with a diameter
at breast height (DBH) > 9 cm. We sampled saplings (DBH < 9 cm and
height > 1.3 m) in two opposite 100 m? square plots within the 400 m?
square plot. Downed deadwood (hereafter, “logs”) were surveyed along
four 20 m-long transects following the edge of the 400 m? square plot, a
methodology inspired by Clark et al. (1998). We considered only logs
having a diameter > 9 cm at the transect intersection and not buried at a
depth > 15 cm; those buried below this depth were ignored as they were
difficult to sample. When a log crossed two transects, any second
encounter was skipped to avoid double-counting.

We determined the presence of TreM on each living tree, using a
typology adapted from Winter and Moller (2008), Michel and Winter
(2009) and Vuidot et al. (2011) (Table 2). This typology was then sub-
sequently adapted to the hierarchical TreM typology of Larrieu et al.
(2018). However, due to methodological differences, TreM will be
studied at the group scale (e.g., exposed sapwood and heartwood) and
not at the type scale (e.g., crack). Similarly, size thresholds may differ
and some classes of TreM from Larrieu et al (2018) were not assessed (e.
g. bryophytes). We have thus studied only nine groups of TreM repre-
senting six forms. Nevertheless, we have considered this adaptation to
the typology of Larrieu et al. (2018) allows more coherence with current
research and takes advantage of its hierarchical structure (e.g., Santo-
puoli et al. 2020). Asbeck et al. (2020) for example recently proposed an
adaptation of the size thresholds proposed by Larrieu et al. (2018) for
North American forests, partially consistent with those used in our ty-
pology (e.g., woodpecker breeding cavities, exposed sapwood only).
These previously typologies have however been defined for temperate
and/or mountain forests, resulting in size thresholds not necessarily
adapted to the small tree dimensions in boreal forests. For each snag or
log surveyed, we attributed a decay class based on Angers et al. (2005)
(Table 3). The presence of TreM on snags or logs was not considered in
this study first because it would have been redundant with decay classes

Table 2

TreM typology used in this study, based on Winter and Moller (2008), Michel
and Winter (2009) and Vuidot et al. (2011) but subsequently adapted to the
Larrieu et al. (2018) hierarchical typology.

Form Group Characteristics

Cavities Woodpecker Cavity with > 5 cm aperture,
breeding cavities carved by woodpeckers
Rot holes Cavity with > 5 cm aperture,

Tree injuries and
exposed wood

Crown deadwood
Excrescences

Fruiting bodies of

saproxylic fungi and

slime mould

Fresh exudates

Exposed sapwood
only

Exposed sapwood
and heartwood

Crown deadwood
Twig tangles

Burrs and cankers
Perennial fungal
fruiting bodies (life
span > 1y)

Fresh exudates

carved by wood decay

Detached bark at least on a 5 cm
x 5 cm surface

The primary stem or a large
branch is broken, with diameter
at breakage > 10 cm, or
complete fracture of one of the
two forking branches, with
severe damages on the main
stem, or crack with a length > 25
cm long and at least 2 cm deep in
the sapwood

At least 25% of the crown is dead
Dense agglomeration of branches
from a parasite or epicormic
branching

Canker > 10 cm diameter
Fruiting bodies > 5 cm in
diameter or occur in 10 cm long
cascades of smaller fruiting
bodies

Resin or sap flow at least 30 cm
long or > 5 flows of sap or resin
of smaller size

Ecological Indicators 128 (2021) 107813

Table 3
Characteristics of the deadwood decay classes as defined by Angers et al. (2005).
Class Characteristics
Class Recent death or fall, buds and twigs still intact, tight bark and hard wood
1
Class Fine parts such as buds and twigs lacking, bark loose, wood still hard
2
Class Bark mostly gone, bole periphery softened; a blade can penetrate the outer
3 layer; in snags, tree top is often broken
Class Little to no bark remains, bole periphery well rotten and extends in the
4 core; a blade can easily penetrate; in snags, bole is broken
Class Well-decayed wood, incorporating into the forest floor, vegetation has
5 colonized

(e.g., the TreM “exposed sapwood only” is a criterion for decay classes 2
to 4). Second, decay classes can be surveyed on both logs and snags,
contrary to TreM, and thereby help to better understand the links be-
tween the different deadwood components. Third, decay classes have
proven to be an efficient surrogate of stand biodiversity in boreal forests
(Lassauce et al. 2011), while such knowledge is lacking for TreM.

To determine minimum stand age, we collected a disc from the base
of ten coniferous merchantable trees and measured the number of rings
along two radii. We sampled a similar number of trees per canopy layer
(dominant, codominant, intermediary and oppressed) for each site. For
each canopy layer, sampled trees were randomly selected from those
within the plot. Trees presenting a marked root rot (pith absent) were
not retained. At least three of these trees were dominant and their height
was measured once the tree was felled to estimate the dominant stand
height. Stand soil and topographic parameters were determined by
digging a soil profile at the plot centre and measuring topographic
variables with a clinometer.

2.3. Data computation and analysis

For each site, the following structural and environmental attributes
were calculated by Martin et al. (2018): (i) tree density, (ii) sapling
(trees with a DBH < 9 cm and height > 1.3 m) density, (iii) tree basal
area, (iv) proportion of balsam fir in the basal area, (v) coarse woody
debris volume using Marshall et al. (2000) for linear transect sampling,
(vi) gap fraction (i.e., percentage of gaps in the canopy), (vii) Weibull’s
shape parameter (Bailey and Dell 1973) of tree diameter distribution,
(viii) cohort basal area proportion (i.e., frequency of trees from old-
growth shade-tolerant cohorts in the basal area; Kneeshaw and Gauth-
ier, 2003), (ix) minimum time since the last fire (i.e. age of the oldest
tree), (x) slope, and (xi) depth of the organic layer (Table 4).

To evaluate the changes in abundance and diversity of deadwood (i.
e., snags and logs) and TreM, we computed the following attributes:
TreM tree (i.e., trees that bear at least one TreM) density, snag basal
area, Shannon index of TreM classes, Shannon index of snag decay
classes, and Shannon index of log decay classes (Table 4). We used these
attributes, as well as the log volume calculated by Martin et al. (2018),
to perform a hierarchical clustering of the studied sites. The objective of
this analysis was to identify stand types defined by homogeneous TreM
and deadwood attributes. We used Ward’s linkage clustering method
(Ward, 1963) and Euclidian distances to perform the clustering, with
data that were preliminarily normalized (margin sum of squares equal to
one) and standardized (mean equal 0 and standard deviation equal to 1)
using the decostand function of the vegan R package (Oksanen et al.
2018). These transformations aimed to limit the influence of outliers and
give each variable the same importance for clustering. We next per-
formed a principal component analysis (PCA) to highlight how the
studied attributes were distributed in the clusters. The distribution of the
clusters and of the explanatory variables were then observed along the
first and second dimensions (Dim1 and Dim2, respectively) of the PCA.
We also compared these attributes among the clusters with permutation
based partial ANOVA (PERMANOVA; Anderson, 2001; McArdle and
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Table 4
Attributes sampled for each site, adapted from Martin et al. (2018). TreM: tree-
related microhabitat. “*” indicates attributes used for Ward’s clustering.

Category Attribute Unit Description

TreM and TreM tree n/ha Density of merchantable trees
deadwood density* bearing at least one TreM per
attributes hectare

Shannon Index -
of TreM groups*

TreM index of diversity,
calculated using the Shannon
and Weaver (1949) formula
and frequency of TreM classes

Mean TreM n Mean number of TreM classes
frequency on observed on TreM trees

TreM trees

TreM richness n Total number of TreM classes

observed within the plot

Large TreM trees  n/ha Number of TreM trees per

density hectare defined by a dbh > 20
cm

Large living n/ha Number of trees per hectare

trees density defined by a dbh > 20 cm

Mean DBH of cm Mean DBH of the sampled

TreM trees TreM trees

Mean DBH of cm Mean DBH of the sampled trees

living trees

Snag basal area*  m?%/ Snags basal area per hectare

ha

Snag density n/ha Density of snags per hectare

Large snag n/ha Density of snags per hectare

density defined by a dbh > 20 cm

Shannon index - Snag decay classes index of

of snag decay diversity, calculated using the

classes* Shannon and Weaver (1949)
formula and frequency of snag
decay classes

Log volume* m3/ Coarse woody debris volume

ha per hectare, computed by
Martin et al. (2018)

Shannon index - Log degradation classes index

of log decay of diversity, calculated using
classes* the Shannon and Weaver
(1949) formula and frequency
of log decay classes
Other attributes Tree density n/ha Number of living merchantable

computed by stems per hectare

Martin et al. Saplings density n/ha Number of living saplings per
(2018) hectare
Basal area m?/ Basal area of the living
ha merchantable trees per hectare
Balsam fir % Proportion of balsam fir in the
proportion basal area
Gap fraction % Percentage of the canopy
under gaps
Maximum m Mean height value of the
height dominant trees
Weibull's shape - Calculated using Weibull’s
parameter function of diameter

distribution (Bailey and Dell
1973). This equation is
characterized by the shape
parameter a, identified in our
study as Weibull’s shape
parameter (WSP), and the scale
parameter b.

WSP > 1.5 represents a
Gaussian distribution of
diameters, 1 < WSP < 1.5 an
irregular distribution and WSP
< 1 areverse J-shaped
distribution

Replacement index of the even-
aged cohort by old-growth
cohorts, defined by Kneeshaw
and Gauthier (2003) and
ranging from 0 to 1. CBAP =
0 indicates a stand with one
single even-aged cohort and

Cohort basal -
area proportion
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Table 4 (continued)

Category Attribute Unit Description

CBAP = 1 a stand where old-
growth cohorts replaced all the
even-aged cohort

Minimum time years Minimum stand age, defined

since last fire by age of the oldest tree
sampled

Slope % Mean slope value along the
plot

Depth of the cm Mean depth of the organic

organic layer layer

Anderson, 2001), using Euclidean distances and 10,000 permutations
for each analysis. When the analyses were significant, we then per-
formed pairwise PERMANOVA based on the method of Martinez Arbizu
(2017) as a post-hoc test. The pairwise PERMANOVA were also based on
Euclidean distances and with 10,000 permutations for each pairwise
comparison.

To gain a better understanding of clusters’ characteristics, we then
computed attributes of TreM trees and deadwood for each cluster: mean
DBH of TreM trees, mean DBH of living trees, density of large (DBH >
20) TreM trees, density of large living trees, TreM richness, mean TreM
frequency on TreM trees, snag density and large (DBH > 20 cm) snag
density (Table 4). We also computed the frequencies of the different
TreM classes, and deadwood decay classes for all the studied sites. All
these attributes, as well as those computed by Martin et al. (2018) that
were not used for the clustering, were then compared among the clusters
using PERMANOVA, based on Euclidean distances and 10,000 permu-
tations. As before, we performed pairwise PERMANOVA as a post-hoc
test when the results of the PERMANOVA were significant.

Statistical analyses were completed using R-software, version 3.6.1.
(R Core Team, 2019), using the vegan (Oksanen et al. 2018), FactoMiner
(Le et al. 2008) and pairwiseAdonis (Martinez Arbizu, 2017) packages
applying a p threshold of 0.05.

3. Results
3.1. Cluster structural and environmental attributes

The studied sites were divided in 5 distinct clusters, with an even
number of sites per cluster ranging from 11 (Cluster 3) to 20 (Clusters 5).
All structural and environmental attributes differed significantly among
the clusters, except tree density, basal area, broadleaved species pro-
portion, gap fraction and Weibull’s shape parameter (Table 5). Differ-
ences in cohort basal area proportion and minimum time since the last
fire indicated that the clusters were distributed along an old-growth
succession gradient. Cluster 1 grouped the younger sites with the
lowest cohort basal area proportion, indicating stands at the beginning
of the transition towards old-growth stage (i.e., canopy break-up).
Cluster 2 grouped older stands, but from various age structures. This
supposes that this cluster mainly regroups stands that are still in tran-
sition (transition old-growth stage), although true old-growth forests
can be present. Finally, Clusters 3 to 5 grouped the oldest stands with the
highest cohort basal area proportion, indicating true old-growth forests.

Cluster 5 presented higher values of balsam fir proportion, maximum
height, and slope as well as a thinner organic layer compared to the
other clusters. Results were more contrasted between the clusters for
sapling density, however with an increasing gradient ranging from
Cluster 1 to Cluster 5. Differences in successional stage, environmental
conditions and tree species composition rather than structure (e.g. tree
density or basal area) therefore characterized the identified clusters.

3.2. Attributes of TreM and deadwood clusters

The two first dimensions of the PCA explained 61.3% of the variance



M. Martin et al.

Table 5
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Mean values and standard deviations of the structural and environmental attributes sampled by Martin et al. (2018) for the identified clusters. Different letters indicate
significant differences at p < 0.05 with a > b > c. Details of the PERMANOVA models are provided in Appendix B.

Attribute Cluster 1 (n = 16) Cluster 2 (n = 12)

Cluster 3 (n = 11) Cluster 4 (n = 12) Cluster 5 (n = 20)

1017.19 £ 513.46
1762.5 + 1194.64 b

Tree density (n/ha) 991.67 + 326.54

Sapling density (n/ha)

Basal area (m?/ha) 15.89 + 8.96 20.69 + 8.67
Balsam fir proportion (%) 0.1+041c 13.18 + 23.36 be
Broadleaved species proportion (%) 0+0 9.3 + 21.82

Gap fraction (%) 63.17 + 25.32 55.3 + 30.21
Weibull's shape parameter 1.25 £+ 0.46 0.96 + 0.36
Maximum height (m) 15.58 + 2.75¢ 18.45 4+ 3.18b
Cohort basal area proportion 0.35 + 0.38b 0.47 + 0.34 ab
Min. time since the last fire (years) 141.94 £ 59.4 ¢ 198.33 + 61.92 ab
Slope (%) 4.75 + 4.88b 9.08 +12.56 b
Depth of the organic layer (cm) 28 + 16.1 ab 36 +19.57 a

2068.75 + 1267.79 b

989.58 + 354.43
2635.42 + 1305.08 ab

856.25 £ 313.5
3958.75 + 2752.77 a

759.09 £ 388.15
2290.91 + 1212.55 ab

13.19 £ 6.16 15.98 +5.23 20.05 + 6.78
076 £ 1.1c 5.51 +7.56b 32.58 £ 27.55 a
0+0 0.21 + 0.49 6.74 + 15.55
70.44 + 22.01 69.99 + 23.83 58.55 + 25.32
0.95 £+ 0.19 1.01 £ 0.2 0.97 + 0.53
18.7+25b 18.18 + 3.15b 20.67 £ 2.1a
0.68 + 0.31a 0.73 £ 0.34a 0.61 £ 0.33a
240.36 £ 59.92 a 215.08 + 63.74 ab 195.45 + 37.99b
6.82 + 6.18b 6.17 £ 7.8b 17.55 +9.65a
40.64 +18.83 a 35.83 +12.74a 23.1 +£10.52b

and the clusters were separated along them (Fig. 2). The first dimension
revealed a positive trend among all TreM and deadwood attributes. The
second dimension revealed an opposing trend between log attributes
(volume and Shannon Index) and TreM attributes (bearing tree density
and diversity), while the variables related to snags presented no corre-
lation. Cluster 1 and 5 were on opposite ends of Dim1, while Cluster 2
and 3 were on opposite ends of Dim 2. Cluster 4, however, had no precise
pattern as it was dispersed along the first two dimensions of the PCA.
These results indicated clear differences in TreM and deadwood abun-
dance and diversity within the clusters.

We observed significant differences for all the attributes related to
deadwood (i.e., snags and logs) abundance and diversity (Table 6). The
majority of these attributes followed a similar pattern, with the lowest
values for Cluster 1, intermediate in Clusters 2 to 4, and the highest in
Cluster 5. The Shannon Index of snag decay classes however showed a
different trend, with lower values for Cluster 1 and 4 compared to the
others, but without significant differences between Clusters 2, 3 and 5.
Similarly, snag density was the highest for cluster 3 compared to the
others, which did not differ significantly from one another. We also
observed significant differences in the frequencies of snags of decay
classes 1 and 3 (Fig. 3). Snag decay class 1 was significantly more
frequent in Cluster 1 in comparison to Cluster 5, with intermediate
values for the other clusters. The frequency of snag decay class 3 was
higher for Clusters 3 and 5 compared to clusters 1, again with inter-
mediate values for the other clusters. In contrast to snags, we observed a
significant difference in the frequency of decay class 4 logs, which was
significantly lower in cluster 1 compared to the others.

Cluster ;
A Cluster 1
Cluster 2

Cluster 3

Dim2 (24.4%)

Cluster 4

> A4V

Cluster 5 4

All attributes related to TreM presented significant differences be-
tween the clusters (Table 6). The distribution of values of TreM-related
attributes between clusters was, however, more complex than those
related to deadwood. Cluster 2 presented the highest TreM tree density,
large TreM tree density and Shannon Index of TreM group values. Values
for the TreM-related attributes in Cluster 5 were generally similar to
those of Cluster 2, at the exception of slightly lower TreM tree density
and Shannon index of TreM groups values. In contrast, Cluster 1
generally showed the lowest values. Finally, Clusters 3 and 4 presented
similar and intermediary values for the TreM-attributes related to tree
size, but significant differences in TreM abundance and diversity. In this
case, Cluster 4 was similar to Cluster 5 while Cluster 3 was similar to
Cluster 1. No analysis was performed for the frequency of the following
TreM because of an insufficient number of observations: woodpecker
breeding cavities, rot holes, twig tangles, burrs and cankers and peren-
nial fruiting bodies (Appendix D). For the remaining TreM, we observed
a significant difference within the clusters only for the exposed sapwood
group (Fig. 4). Their frequency was higher in Cluster 5 compared to
Clusters 1 and 3, with intermediate values for the others.

4. Discussion

TreM and deadwood abundance and diversity presented complex
and sometime divergent patterns. True old-growth stands were in gen-
eral defined by a higher deadwood abundance and diversity in com-
parison to transition stands. In contrast, TreM abundance and richness
reached their peak during the transition and then strongly varied from

TreM (Bearing tree density; Rpim = 0.47***, Rpjmz = 0.73***)
TreM (Shannon Index; Rpimy = 0.47***, Rpimz = 0.74***)

vv Logs (Shannon Index; Rpimi = 0.60***, Rpjm, = -0.44***)
; W
v A
.
-2 -1 0 1 2

Dim1 (36.9%)

Fig. 2. PCA biplot and results of Ward’s clustering for the 71 sites sampled. R indicates values of the correlation coefficient along the two first dimensions of the PCA
(Dim1 and Dim2). “***” indicates p-values < 0.001, “**” p-values < 0.01 and “*” p-values < 0.05. The contribution of each dependant variable to the PCA dimensions

is provided in Appendix C.
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Table 6
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Mean values and standard deviations of TreM and deadwood attributes within the identified clusters. Different letters indicate significant differences at p < 0.05, with

a > b > c. Details of the PERMANOVA models are provided in Appendix B.

Category Attribute Cluster 1 (n = 16) Cluster 2 (n = 12) Cluster 3 (n = 11) Cluster 4 (n = 12) Cluster 5 (n = 20)
TreM TreM tree density (n/ha) 34.38 £ 20.16 ¢ 133.33 £ 28.87 a 27.27 £26.11c¢ 75 + 30.15b 83.75 + 40.78 b
Shannon Index of TreM groups 0.36 + 0.39¢ 0.96 + 0.27 a 0+0c 0.83 +£0.31b 0.82 + 0.43b
Mean TreM frequency on TreM trees (n) 1.25 + 0.38 ac 1.1 +£0.12b 1+0c 1.38 £ 0.38a 1.35 +0.43a
TreM richness (n) 1.44 +0.81b 3+0.74a 0.73 £ 0.47 ¢ 258+ 1a 2.65+1.18a
Mean DBH of TreM trees (cm) 14.27 + 2.94 ¢ 18.34 + 3.15ab 17.77 + 3.87 ab 15.34 4+ 4.54 be 20.22 +5.8a
Large TreM trees density (n/ha) 3.12+8.54b 54.17 + 41.06 a 6.82 + 11.68b 8.33+12.31b 33.75 £ 27.24a
Mean DBH of living trees (cm) 13.53 +1.95¢ 15.42 4+ 2.22 ab 14.4 + 1.78 bc 13.82 4+ 1.85 bc 16.69 + 3.1a
Large living tree density (n/ha) 75+ 97.47 b 189.58 + 137.12a 84.09 + 65.45b 85.42 + 65.24b 203.75 +£115.93 a
Snags Snag basal area (m?/ha) 1.65+1.19¢ 3.71 £1.69b 3.26 +1.47b 2.61 + 1.54 bc 8.46 + 4.16a
Shannon index of snag decay classes 0.52 + 0.37b 1.02 +0.23a 1.01 £0.17a 0.52 +0.28b 0.96 + 0.23 a
Snag density (n/ha) 107.81 + 82.52b 168.75 + 84.02b 154.55 + 56.81 b 118.75 £ 61.35b 2425+ 95.32a
Large snag density (n/ha) 4.69 + 10.08 ¢ 37.5 + 31.08 b 18.18 + 31.8 be 25+ 28.2b 118.75 + 73.39 a
Logs Log volume (m®/ha) 9.06 + 9.74 ¢ 41.68 + 26.64 b 46.34 +20.36 b 45.8 +£25.35b 120.95 + 52.78 a
Shannon index of log decay classes 0.34 £ 0.44 ¢ 1.03+0.26 b 1.21 + 0.23 ab 1.19 + 0.29 ab 1.32+0.17a

one true old-growth structure to another. Our hypothesis, that TreM and
deadwood abundance and diversity will progressively increase during
the transition towards the old-growth stage, reaching their maximum at
the true old-growth stage, was therefore only partially supported by our
results. Similarly, at the true old-growth stage, many interrelated factors
such as disturbance history, topography and tree species composition
influenced TreM and deadwood characteristics. Rather than a straight
line, TreM and deadwood dynamics seem to follow sinuous paths in the
boreal old-growth forests of eastern Canada.

4.1. TreM dynamics along boreal old-growth forest succession

TreM dynamics observed in the study territory was unexpected,
because TreM tree density significantly increased at the old-growth
transition to eventually drop down once the true old-growth stage was
reached. This was particularly striking in black spruce-dominated
stands. The peak in TreM trees observed in transition old-growth
stands was probably due to the high abundance of old and senescent
trees from the pioneer cohort that appeared following the last stand-
replacing disturbance. Indeed, the longevity of trees in the eastern Ca-
nadian boreal forest is generally relatively low (i.e., less than 200 years;
Burns and Honkala, 1990) and the presence of TreM can be an indicator
of tree senescence (Martin and Raymond, 2019; Martin et al., 2021). It is
thus likely that an important proportion of the even-aged cohort trees
become senescent and develop TreM before dying and being replaced by
new cohort trees. Then, once the true old-growth stage is reached, stand
structure becomes more complex, with trees of various ages and sizes,
and therefore fewer susceptible to developing TreM.

The divergence in TreM tree density and richness between Clusters 3
to 5 highlighted how differences in structural attributes within true old-
growth forests may influence their habitat diversity. In comparison to
Cluster 3 and 4, Cluster 5 was defined by a higher density of large trees
as well as a greater frequency of balsam fir and broadleaved species.
TreM presence is generally linked to tree diameter, with larger trees
more susceptible to bear TreM than smaller ones (Michel and Winter,
2009; Asbeck et al., 2019; Paillet et al., 2019). Similarly, broadleaved
species are more prone to developing TreM than coniferous species
(Paillet et al. 2019). Moreover, the higher sensitivity of balsam fir to root
rot or windthrow in comparison to black spruce (Basham, 1991; Ruel,
2000) may increase the frequency of senescent and/or wounded trees in
stands where balsam fir is abundant. As a result, the frequency and
severity of secondary disturbances is often higher in old-growth stands
where black spruce and balsam fir are mixed in comparison to pure
black spruce stands (De Grandpré et al., 2018; Martin et al., 2018, 2019).
This is consistent with our results, as Cluster 5 is defined by a higher snag
basal area and higher log volume than Clusters 3 and 4. TreM abundance
and diversity were however equivalent between Clusters 4 and 5, while
they were very low in Cluster 3. Interestingly, there were no differences

in the density or in the size of living as well as TreM trees between
Clusters 3 and 4, implying that the differences observed in TreM abun-
dance and diversity were not influenced by tree dimensions. Further,
Cluster 2 may also contain some true old-growth forests. This suggest
that TreM characteristics can vary markedly from one old-growth stand
dominated by black spruce to another. Martin et al. (2020b) highlighted
a cyclicity in the mortality and regeneration dynamics of black spruce.
TreM may thus appear periodically in old spruce forests as they
approach to a senescence phase. Overall, these results underscore that
TreM richness and diversity are more related to tree species composition
and disturbance regime than to specific structural attributes in true old-
growth forests.

Old-growth forests in the boreal biome are generally defined by
smaller trees and a predominance of coniferous species compared to old-
growth forests from other biomes (Bergeron and Harper, 2009). As TreM
are generally more abundant on hardwood species compared to conif-
erous species, as well as on large trees compared to the smaller ones
(Paillet et al. 2019), trees in boreal forests may be less susceptive to
develop TreM. Thus, the density of TreM trees (from 34.3 to 133.3 TreM
trees/ha in the different clusters) observed in our study was unsurpris-
ingly lower than that observed by Kozak et al. (2018) in primary forests
dominated by European beech (Fagus sylvatica L.) in Europe (277.8
trees/ha). However, Jahed et al. (2020) surveyed around 100 TreM
trees/ha in primary forests dominated by broadleaved species in
Ukraine and Iran and found densities similar to those observed in clus-
ters 2 and 3. TreM density and mean TreM frequency on trees are hard to
compare to other studies as we used a simplified typology (9 TreM
groups). For example, the typology of Michel and Winter (2009) con-
tains 19 TreM classes. This high number of classes may inflate the TreM
density observed on Northeastern American Douglas fir (Pseudotsuga
mengziesii var. mengziesii [Mirbel] Franco) in the study of Michel and
Winter (2009) (around 750 TreM/ha) in comparison to ours. Admit-
tedly, the trees studied by Michel and Winter (2009) were much larger
than ours (all trees sampled defined by a DBH > 20 cm) and this factor
certainly significantly contributed to their results. Similarly, the typol-
ogy of Larrieu et al. (2018) defines 47 TreM types that can be regrouped
in 15 groups or seven forms. In comparison, our typology included nine
groups and six forms. The exhaustiveness of new reference TreM ty-
pologies can therefore help to better identify the differences in habitat
tree characteristics between different forests.

Nevertheless, considering the intrinsic limits to TreM development in
boreal forests (i.e., coniferous composition and small trees), the richness
observed in the studied stands was often high. As these stands are pri-
mary forests, it is likely that this result was mainly due to their natu-
ralness. Moreover, we chose to not include the TreM observed on dead
standing trees in this study, as it would have been redundant with snag
decay classes. As TreM density is in general far higher on snags in
comparison to living trees (Paillet et al. 2019), it is therefore likely that
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the total density in the studied stands was higher. Finally, broadleaved
species were uncommon in the studied stands, particularly aspen. This
pioneer boreal species can quickly reach large diameters and is favoured
by woodpeckers for carving cavities (Martin et al., 2004; Remm and
Lohmus, 2011; Blanc and Martin, 2012). In eastern Canada, mixedwood

forests hence play a key-role in the provision of nesting and feeding sites
for avifauna (Cadieux, 2017; Cadieux and Drapeau, 2017). As a conse-
quence, further research should be performed on mixedwood boreal
stands containing trembling aspen to determine if they are defined by a
higher TreM richness and diversity in comparison to coniferous boreal
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stands.

4.2. Deadwood dynamics along boreal old-growth forest succession

Once the old-growth stage is reached, it is often assumed that
deadwood continues to accumulate or reaches a plateau (Brassard and
Chen, 2006). However, our results underscored that the dynamics of
deadwood in old-growth forests are more complex, depending on the
succession process, progressive changes in species composition and the
action of secondary disturbances. Even if we observed an increase in
snag basal area and log volume between the canopy break-up and
transition old-growth stages, the deadwood pattern then diverged
depending on the true old-growth forest type. Specifically, snag basal
area and log volume were similar between transition old-growth forests
and true old-growth forests dominated by black spruce, while they were
significantly higher for true old-growth forests with a mixture of black
spruce and balsam fir. These results are consistent with the literature
review performed by Bergeron and Harper (2009), who observed similar
trends between pure black spruce and mixed black spruce — balsam fir
old-growth forests. Indeed, mixed black spruce — balsam fir stands are
subject to higher and more frequent deadwood inputs in comparison to
pure black spruce stands because of the higher severity of the secondary
disturbance regime (Martin et al., 2019, 2020c). However, the abun-
dance of balsam fir in true old-growth stands may vary significantly over

time because of the action of secondary disturbances (Pham et al., 2004;
De Grandpre, 2009). This implies changes in deadwood dynamics over
time in boreal true old-growth forests of eastern Canada, depending on
the change in tree species composition over time.

The pattern of deadwood diversity along old-growth succession was
also slightly different to that of deadwood abundance. The diversity in
snag decay classes reached its maximum at the transition old-growth
stage and remained unchanged thereafter. In contrast, the richness in
log decay classes reached its maximum at the true old-growth stage,
independently of stand composition (i.e., black spruce dominated or
black spruce - balsam fir). For the snags, this increase in diversity along
forest succession is probably due to the gradual addition of new standing
dead trees, where new early decayed snags (decay class 1) appear while
the older snags continue to rot (decay classes 3 and 4). For logs, how-
ever, we observed a significant difference in frequency over time for
only one decay class (class 4), compared to two classes for snags. It is
therefore more difficult to reconstruct the debris dynamics, although we
can expect it to be broadly similar to that of snags, albeit with a slight lag
(Brassard and Chen, 2006). Several factors may explain the absence of
clear differences in frequency of log decay classes among the clusters.
First, canopy break-up is a progressive process (Oliver and Larson, 1996;
Pesklevits et al., 2011), which may have started decades ago even in the
cluster grouping the youngest stands (cluster 1), meaning that some
snags and logs are already in advanced decay stages. Remnant
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deadwood originating from the last stand-replacing disturbance can also
still be present, providing well-decayed logs in even-aged stands (Maser
et al., 1979; Brassard and Chen, 2006). Second, the half-lives of black
spruce and balsam fir snags are often short (around 20 years; Angers
et al. 2010) and these species are also sensitive to stem breakage because
of windthrows (Whitney et al., 2002; Wilson and MacLean, 2015). This
is consistent with the high frequency of the “broken stem or branch”
TreM type in the studied sites. Windthrow or breakage may result in
sudden inputs of logs from both well-decayed snags that finally broke
and formerly living black spruce that underwent stem breakage. Third,
multiple factors other than the time since tree death drive wood decay
speed, such as tree species, degree of contact with the ground, stand
environmental conditions, tree vitality when decay started (i.e., before
or after tree death) as well as decaying fungi species or community (Pioli
et al., 2018; Privetivy et al., 2018; Shorohova et al., 2019). Finally, in
boreal forests, deadwood is often buried in the organic layer before it
completes decay, with intermediate to highly decayed logs being the
most susceptible to burial (Moroni et al., 2015; Stokland et al., 2016).
Deadwood diversity therefore results from complex interactions among
decay speed, deadwood inputs from varying decay classes and log
burying, explaining the scarcity of significant changes in log decay class
frequency during old-growth succession.

Ecological Indicators 128 (2021) 107813

4.3. TreM and deadwood dynamics in boreal old-growth forests: a
conceptual model

By focusing on old-growth forest stands, our study revealed unex-
pected and complex TreM and deadwood dynamics in these ecosystems
(Fig. 5). However, our results are mostly restricted to black spruce
dominated forests on gentle to moderately steep slopes. Further research
on mixedwood boreal forests and on stands on steep slopes are needed to
complete a landscape level portrait. Yet, old-growth forests may
commonly alternate over time between black spruce and mixed black
spruce - balsam fir forests in eastern Canada (Pham et al., 2004; De
Grandpre, 2009; Martin et al., 2018). For this reason, shifts from Cluster
3 or Cluster 4 to Cluster 5 are still possible if the abiotic conditions are
favourable for balsam fir. TreM and deadwood dynamics in regenerating
and even-aged stands were not addressed in this study. The pathways
related to these two forest types presented in Fig. 5 are therefore hy-
pothetical and complementary research would be necessary to assess our
predictions. Nevertheless, previous studies highlighted that stands
recently disturbed by primary disturbances in boreal forests were
defined by a very large (up to > 100 m>/ha) deadwood volume, which
progressively decreased with stand age until increasing again at the old-
growth stage (Harper et al., 2003; Brassard and Chen, 2006). Consid-
ering the almost complete absence of surviving trees in stands recently
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Fig. 5. Conceptual model of TreM and deadwood dynamics in black spruce dominated boreal forests. Black arrows indicate forest succession, while dotted arrows
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this article.
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burned by severe crown fires, we expect TreM trees to be scarce. The
presence of TreM is strongly linked to tree DBH and vigour (Paillet et al.
2019), we also hypothesize that TreM trees will be rare at the beginning
of the even-aged stage. However, their density would gradually increase
over time as trees from the post-fire cohort become taller and larger
(Larrieu et al. 2017), to eventually reach its maximum at the transition
old-growth stage, as highlighted by our results.

4.4. Implications for management

Current forest management guidelines in the boreal forests in Québec
aim to maintain at least 30% of preindustrial old-growth forest areas,
here defined as stands > 100 years, in boreal managed landscapes
(MFFP, 2016). Our study underscores that very different TreM and
deadwood characteristics may define boreal old-growth forests in
eastern Canada. In these landscapes, the peak in wood volume is
generally reached at 150 years after the last fire (Garet et al., 2009;
Portier et al., 2018), corresponding to the age of cluster 1. As under-
scored by Martin et al. (2020a), logging activities generally target the
most economically profitable old-growth forests. There is therefore a
risk that among old-growth forests, those corresponding to cluster 1, i.e.,
stands at the canopy break-up stage, may be the most harvested. This
implies that, in the short term, forests with the highest abundance and
diversity of deadwood or TreM may not be directly threatened by log-
ging activities, but that their recruitment could become difficult in the
medium term. Current aerial forest surveys, however, hardly differen-
tiate between forests at canopy break-up stage, transition old-growth
forests and true old-growth forests, especially when black spruce is the
dominant species (Martin et al. 2020d). New effective remote sensing
tools must therefore be developed to ensure effective and large-scale
monitoring of the impact of forest management on deadwood and TreM.

The use of continuous cover forestry practices (e.g., stem-selection
cut or partial cut) has been widely recommended as an alternative to
clearcuts to maintain old-growth attributes and the biodiversity asso-
ciated (Kuuluvainen and Gauthier, 2018; Eyvindson et al., 2021). The
small size of TreM trees and the almost exclusive use of heavy machinery
for logging however complexifies the identification of highly-valuable
habitat trees in boreal forests. Rather than aiming at the conservation
of individual habitat trees, it would be therefore preferable to maintain
large retention levels within the logged forests. This approach has
proven to be efficient to maintain high TreM and deadwood abundance
and diversity (Fenton et al., 2013; Martin and Raymond, 2019; Santo-
puoli et al., 2019), as well as the biodiversity associated with old-growth
forests (Fenton et al., 2013; Franklin et al., 2019).

4.5. Limitations of the study

The sampling for this study was completed in the publication year of
the homogenized typology of Kraus et al. (2016), then adapted by Lar-
rieu et al. (2018). As part of the sampled trees had already been felled in
each of the sites studied, it was not possible to carry out new inventories.
We have therefore subsequently adapted our typology to that of Larrieu
et al. (2018) to allow a comparison at the scale of the TreM group. Only 9
TreM groups out of the 15 that make up the typology of Larrieu et al.
(2018) have, however, been studied. Similarly, only TreM on live trees
were included in this study, as we considered that decay classes were a
most relevant surrogate of biodiversity on snags compared to TreM
(Lassauce et al. 2011). However, snags generally bear more TreM than
living trees (Paillet et al. 2019). This implies that only a part of the TreM
have been studied in this study, although decay classes can to a certain
extent provide information about the main TreM observed on snags.
Considering the lack of information on TreM in boreal old-growth for-
ests, this study is nevertheless an important first step to better under-
stand the habitat diversity within these ecosystems. Further research on
TreM in boreal forests should however use the TreM typology defined by
Larrieu et al. (2018) rather than the typology used in this study.
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Similarly, complementary research on TreM on snags and of their link
with decay stages in boreal forests are necessary.

5. Conclusion

To our knowledge, this is the first time that TreM have been surveyed
in the boreal forests of Canada, with the exception of cavities (e.g.,
Tremblay et al., 2015; Cadieux, 2017). Our results highlighted that TreM
and deadwood dynamics follow complex pathways in boreal old-growth
forests. Gradual changes in structure and composition due to forest
succession and the action of secondary disturbances were the main
factors explaining these dynamics. The peak in TreM density and di-
versity was reached at the transition old-growth stage while the highest
deadwood volume and density were observed at the true old-growth
stage. Overall, true old-growth forests were defined by a combination
of moderate to high TreM density and deadwood volume, but these
values varied among stands depending on secondary disturbances, stand
structure and composition. These results therefore underscore the
importance of considering old-growth forests as dynamic rather than
static ecosystems, as the composition of tree- and deadwood-related
microhabitats in the same stand may change significantly over time.
Similarly, these results also imply that the mosaic of habitats present in
old-growth forests can vary greatly from one location to another within
an old-growth forest massif, highlighting the importance of maintaining
a diversity of old-growth forest structure and composition in managed
landscapes.
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