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Abstract

Old-growth forests provide a key biodiversity reservoir due to their high amount of dead-
wood and abundance of tree-related microhabitats (TreMs). This research investigates the
abundance and diversity of deadwood and TreMs in old-growth Caledonian pine forests
located in the Cairngorms National Park, Scotland. The study area is a Scots pine (Pinus
sylvestris L.)-dominated forest. A field survey campaign was conducted in 15 sample plots
to collect data on stand and deadwood characteristics, and TreMs by category. Within
circular plots of 531 m?, the diameter at breast height, height, and insertion height of the
canopy of all the living trees were measured, and the three deadwood components (snags,
fallen deadwood, and stumps) and TreMs were recorded. The results showed a total dead-
wood volume of 37.53 + 32.39 m® ha™!, mostly in the form of snags (68.9% of total volume)
and in the lowest degree of decay (first decay class equals 36.8%). The average number of
deadwood elements is 217 ha!, distributed to 127 snags ha, 64 fallen deadwood ha!, and
26 stumps ha'. The results showed an average of 89.1 TreMs ha! on snags and 26.4 ha!
on living trees. The abundance and diversity of TreMs are significantly related to the vol-
ume of snags (R? = 0.712), the deadwood diversity (R = 0.664), and the degree of decom-
position (R? = 0.416).

Keywords: biodiversity; snags; fallen deadwood; old-growth forests; Scottish Highlands

1. Introduction

In the literature, many definitions of old-growth forests exist, but the description of
the key elements that characterize an old-growth forest is often ambiguous [1]. Several
definitions of old-growth forests represent them as complex dynamic systems, using mul-
tiple criteria classifiable as structural, successional, and biogeochemical [2]. A common
element reported in definitions is that these forests are relatively old and undisturbed by
human activity [3] or are characterized by a high degree of naturalness [4]. Old-growth
forests are complex ecosystems that differentiate them from other forests by some attrib-
utes, such as tree size, age, tree mortality regime, tree species composition, number of
canopy layers, complex ecological relationships, high spatial heterogeneity, and amount

Forests 2026, 17, 168

https://doi.org/10.3390/f17020168


https://doi.org/10.3390/f17020168
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Forests 2026, 17, 168

2 of 19

of deadwood [5]. Based on these attributes, old-growth forests are considered important
ecosystems for the conservation of habitat, species, and genetic biodiversity [6].

Considering the presence of deadwood, its abundance alone is not an universal indi-
cator of “pure naturalness”. In many fire-adapted conifer systems, prolonged anthropo-
genic fire exclusion has interrupted historically frequent, low to moderate severity fire
regimes, allowing fuels—and thus deadwood —to accumulate beyond their historic range
of variability. A recent continent-scale dendrochronological synthesis demonstrates that,
despite recent increases in area burned, a widespread fire deficit persists across diverse
North American forests, when compared to pre 1880 baselines. The fire deficit under-
scores that contemporary deadwood loads in frequent fire systems can reflect suppression
legacies rather than intact natural processes [7]. Classic analyses of frequent fire old-
growth landscapes similarly highlight fire as a keystone ecological process that maintains
open structures, regulates fuel continuity, and sustains habitat heterogeneity —conditions
incompatible with chronically high deadwood accumulation [8].

This perspective is particularly relevant to sub-boreal pine forests, where demogra-
phy and regeneration are tightly coupled to recurrent fire. In these ecosystems, periodic
burning historically limited coarse woody debris, promoted cohort establishment, and
stabilized nutrient cycling. When fire is systematically excluded, stands become denser,
fuel continuity increases, and deadwood accrues to atypically high levels, altering both
disturbance behavior and ecosystem function. Collectively, these findings argue that as-
sessments of deadwood in old-growth forests —especially in fire-adapted sub-boreal pine
systems—must be interpreted within their historical fire regimes, recognizing that high
deadwood volumes may indicate process disruption rather than ecological integrity [7,8].

Many studies have investigated the structural diversity and dynamics of old-growth
forests [9,10], while some studies have explored the abundance and diversity of tree-re-
lated microhabitats (TreMs) in the European old-growth forests [11,12]. TreMs are key
structures for biodiversity and can be defined as structural heterogeneities on tree trunks
or branches, such as cavities, tree injuries and exposed wood, crown deadwood, excres-
cences, fruiting bodies of saproxylic fungi and slime molds, epiphytic, epixylic and para-
sitic structures, and fresh exudates [13]. TreMs are habitat components usually colonized
by specific faunal, floral and/or fungal users and consequently indirect indicators of their
presence [13]. In particular, the European Union (EU) nature conservation policy has em-
phasized that TreMs are one of the key structural attributes used to identify old-growth
forests in Europe [14]. TreMs as well as the amount and diversity of deadwood contribute
more to determining whether a forest is old growth than the age of the trees [15]. How-
ever, despite this theoretical relationship between TreMs and old-growth forests, some
studies have shown empirically that there is weak evidence that TreMs can support and
enhance biodiversity [16,17].

TreMs density and diversity often decrease as human pressure on forests increases
(e.g., managed forests for timber production) because TreMs are sometimes perceived as
signs of a reduced longevity or a decrease in wood quality by forest managers [18]. For
this reason, old-growth forests are generally expected to be the forest ecosystems charac-
terized by the highest abundance and diversity of deadwood and TreMs [11]. The compo-
sition of TreMs and deadwood can vary significantly from one old-growth structure to
another because the term “old-growth forest” encompasses a wide variety of changing
forest structures [19]. In the literature, some recent studies on TreMs have focused on Can-
ada and the United States [20,21], while in reference to the European context, most of the
research has been conducted in central and southern Europe [11,22]. These studies have
highlighted that tree species are an influential variable of TreMs abundance and richness.
However, a small number of studies have been conducted in boreal and sub-boreal old-
growth forests in Europe [23]. It is important to evidence that further research on old-
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growth boreal and sub-boreal forests is of key importance because they are climax forests
[24]. In these forest ecosystems, tree growth is relatively slow, and decomposition is
slowed down due to low temperatures, with an accumulation of deadwood and organic
matter in the litter and soil [25]. For these reasons, as emphasized by some authors, studies
that investigate and monitor the multiple aspects of biodiversity in boreal and sub-boreal
old-growth forests are of strategic importance for both the scientific community and deci-
sion makers [26,27].

Based on these considerations, our study aimed to investigate the abundance and
diversity of tree-microhabitats in an old-growth Caledonian pine forest case study in Scot-
land, a Scots pine (Pinus sylvestris L.)-dominated forest. Moreover, a focus of the research
was to explore the relationship between deadwood volume by component and decay class
and abundance of TreMs. Specifically, our objective was to test two hypotheses that might
clarify the relationship between deadwood and TreMs in Scots-pine old-growth forests:
(Hi1) The number of TreMs significantly increases with the presence of deadwood (snags,
fallen deadwood, stumps); (Hz) Deadwood diversity by component and decay class influ-
ences the presence of TreMs. To address these hypotheses, a field survey campaign was
conducted in September 2024 in a study area in Cairngorms National Park, Scotland.

2. Materials and Methods
2.1. Study Area

The study was performed in an area of old-growth Scots pine forest at the UK Envi-
ronmental Change Networks Allt a'Mharcaidh long-term monitoring site
(https://deims.org/5a04feel-42aa-47e9-abfc-043a3edal2ac; accessed on 18 November
2025), located in the Invereshie and Inshriach National Nature Reserve, Cairngorms Na-
tional Park, Scotland (57°20 N, 3°61 W; Figure 1). The site formed part of a large, near-
contiguous belt (340 m to 550 m a.s.l.) of old-growth Scots pine forest (Figure 2), approxi-
mately 1339 ha in size, which occupied the lower slopes of the Cairngorm massif between
Glen Feshie and Gleann Eanaich. The wider Glen Feshie Forest is the largest remaining
tract of the ancient Caledonian pine forest that colonized Scotland following the last ice
age 10,000 years ago [28]. Pollen counts have been used in conjunction with stomatal
counts to explore the process of Pinus colonization and its increase to form woodland.
These studies confirm that Pinus is present from 9600 B.P. and dominates woodland from
9150 B.P. [29].

The underlying soils were mostly thin peaty podzols over glacial deposits, with a
bedrock of porphyritic granite. The main forest type is a Scots pine-dominated forest char-
acterized by an average stem density equal to 18.4 stems ha™ almost entirely made up of
Scots pine trees (more than 95% in terms of basal area) with sporadic presence in the more
open areas (lower canopy closure) of downy and silver birch (Betula pubescens Ehrh, Betula
pendula Roth), and common juniper (Juniperus communis L.). According to the Cairngorms
National Park Forest Strategy 2018, the management guidelines plan to continue to protect
the ancient forests from further damage and fragmentation and pay particular attention
to the ecological significance of Caledonian pine forests [30]. The study area is character-
ized by a diversity of wildlife, among whose most representative species are capercaillie
(Tetrao urogallus L.) and black grouse (Lyrurus tetrix L.) among the birds, the Scottish wild-
cat (Felis sylvestris Schreber), pine marten (Martes martes L.), red deer (Cervus elaphus L.),
and roe deer (Capreolus capreolus L.) among the mammals.

Buffered by mountains to the west and the Cairngorm massif to the south and east,
the study area has a cool continental climate, continental compared to the maritime cli-
mate dominant in much of the UK. Typical monthly temperatures range from about 30 °F
to 66 °F, with July being the warmest month (average highs around 66 °F and lows around
49 °F and January the coldest (average low of 30 °F and high of 41 °F). The probability of

https://doi.org/10.3390/f17020168


https://doi.org/10.3390/f17020168

Forests 2026, 17, 168

4 of 19

wet days (days with > 0.04 inches of precipitation) in the Cairngorms National Park shows
seasonal variability, varying between 12 days per month in spring and summer and 16
days in autumn and winter. Rainfall occurs throughout the year, with a total annual pre-
cipitation of ~38.7 inches. Spring is the driest period (mean 2.6 inches per month), and
winter is the wettest (mean 4.1 inches per month). Snowfall exhibits strong seasonality,
with ~66 days of snowfall per year and 44.5 days of lying snow (at 0900 UTC). Only it
typically remains frost-free in June-September. The growing season, defined as the long-
est continuous period with temperatures above freezing (=32 °F), lasts on average about
4.5 months (approximately 135 days), from around May 20 to around October 2, rarely
starting before May 1 or after June 10, and rarely ending before September 7 or after Oc-
tober 27. Heat accumulation, expressed as growing degree days, is relatively low, and
based on these values, first spring blooms typically occur in early June, reflecting the cool
climatic conditions and short biological growing period characteristic of the Cairngorms
upland environment.

Old growth Pinus sylvestris woodland a &5
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Figure 1. Sample plot locations within the old-growth Scots pine forest within the Invereshie and
Inshriach National Nature Reserve, Cairngorms National Park, Scotland (Contains Scottish Forestry
information licensed under the Open Government Licence v3.0). The old-growth forest dataset is
derived from the Native Woodland Survey of Scotland (NWSS), showing Pinewood with a mature

dominance structure.

2.2. Field Measurements

The data were collected in 15 sample plots randomly located in the old-growth forest
established on lower slopes in the Cairngorm massif (Figure 1). The sample plots are rep-
resentative of a 30.8 ha portion of old-growth Scots pine forest (Figure 2) located in the
River Feshie Allt a’Mharacaidh catchment on the border with the managed Scots pine
plantations. Sample plot centers were established using the ‘Random points inside poly-
gons’ routine of QGIS 2.18.7 [31] within the borders of the old-growth Scots pine forest
study area. A fixed-area sampling method with a circular sample plot of 13 m radius (531
m?) was adopted to collect data on living trees, deadwood, and TreMs. In the literature,
studies have used different plot sizes to estimate the volume of all deadwood components,
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but most of them recommended using plots of approximately 500 m? [32-34], as carried
out in the present study. At the central point of the sample plot, the geographical coordi-
nates and the canopy closure were detected. Canopy closure—proportion of sky hemi-
sphere obscured by vegetation when viewed from a single point and, with the maximum
expansion’s degree of its angle of view [35] —was measured using a concave spherical
densitometer. In each sample plot, one survey point in the center of the circular plot was
used. In each survey point, four measurements were taken in the N-W, N-E, S-W, and 5-

E directions. Canopy closure was then calculated as the mean of these four values.

Figure 2. Images of the study area (Scots pine-dominated forest, in Cairngorms National Park, Scot-
land).

Within each sample plot, all living trees with a diameter at breast height (DBH) ex-
ceeding 4.5 cm were recorded for species, two diameters orthogonally to each other, total
height, and height of crown insertion corresponding to the height of the lowest living
branch. Total height and height of crown insertion were measured with the Vertex 5
equipped with T4 Transponder (Haglof Sweden AB, Langsele, Sweden), while the DBH
was recorded with the caliper.

All three deadwood components were recorded and measured in the sample plots:
(i) fallen deadwood (sound and rotting pieces of wood located on the ground), (ii) snags
(with a height greater than 1.3 m), and (iii) stumps (snags truncated or cut to a height of
less than 1.3 m). By collecting data for all three deadwood components, it was possible to
test the hypothesis that the number of TreMs is related to the amount and diversity of
deadwood (H1). As a threshold, the deadwood pieces with a diameter greater than 4.5 cm
were recorded and classified, while the fallen deadwood with a diameter less than 4.5 cm
was considered part of the litter. In each sample plot, all snags and stumps were recorded
by measuring [36]: two perpendicular diameters at DBH for snags and at broken height
for stumps, total height or broken height, species, and decay class using a five-class clas-
sification system. Deadwood species was assigned if it could be assigned with certainty.
The operator simply distinguished between coniferous and broadleaf deadwood. The de-
cay class, as well as the deadwood component, were collected in the field to verify the
second research hypothesis (Hz). Using a five-decay class classification standard proposed
by Neesset (1999) [36], each deadwood element was assigned a decay class. The five-decay
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class—first class: recently dead, second class: weakly decayed, third class: medium de-
cayed, fourth class: very decayed, and fifth class: almost decomposed —were assigned
with visual assessment considering the following characteristics [36]: presence and condi-
tions of bark, presence or absence of small branches, softness of wood, and other visible
features (e.g., fungus mycelium, mosses, and lichen). Fallen deadwood in the sample plot
was measured using the Line Intersect Sampling (LIS) method [37]. LIS is a sampling
method based on the assumption that the cross-sections of fallen deadwood are circular
and, therefore, the probability of sampling a deadwood element is proportional to its
length [38]. In this study, two transects of 26 m were located within the circular sample
plot in direction N-S and E-W, respectively, for a total length of 52 m. For each log inter-
cepted by the transects, the following data were collected: species or, if not recognizable,
functional type (conifers or broadleaves), two perpendicular diameters measured in the
intersection point of the transect, and decay class using a five-class classification system
[33].

Finally, TreMs on both snags and living trees were identified in each sample plot
using the catalogue of tree microhabitats developed by Kraus et al. (2016) [39] and modi-
fied by Larrieu et al. (2018) [13]. TreMs were recorded for each tree using binoculars to
better observe the upper parts of the tree. The classification system of TreMs included 7
forms, 15 groups, and 47 types of TreMs [13]. The forms and groups of TreMs considered
in the study are shown in Table 1.

Table 1. Form and group of the tree-related microhabitats (TreMs) considered for data collection in
this study.

Form

Group

Cavities lato sensu

Woodpecker breeding cavities
Rot holes
Insect galleries and bore holes

Concavities

Tree injuries and exposed wood

Exposed sapwood only

Exposed sapwood and heartwood

Crown deadwood

Crown deadwood

Twig tangles

E
xerescences Burrs and cankers
Fruiting bodies of saproxylic fungi and slime Perennial fungal fruiting bodies
moulds Ephemeral fungal fruiting bodies and slime moulds

Epiphytic, epixylic and
parasitic structures

Epiphytic or parasitic crypto- and phanerogams
Nests
Microsoils

Fresh exudates

Fresh exudates

Source: Modified from Larrieu et al. (2018) [13].

2.3. Data Processing

The field data were processed to obtain key descriptive statistics on forest stands
(stem density, basal area, and volume ha'), deadwood (volume by component and decay
class ha™), and TreMs (number by TreMs category ha™).

Regarding the estimation of the deadwood volume by component, the following
three equations were used:

Snags (Vs):

Vi=J"-BA-h, D
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where Vs is the total volume of snags (m® ha), BA is basal area (m?), f is the stem form
factor as a relationship between real stem volume and cylinder volume (0.5), and s is the
total height or broken height (m).

Stumps (Vs):

2
14 _”'[hm‘n-i_hmaxj'(Dl-i-Dz) (2)

st 2 4

where Vi is the total volume of stumps (m? ha™), hmin and hmax are the minimum and max-
imum height of the stump (m), and D1 and D: are the two perpendicular diameters (m).
Fallen deadwood (Vi) [40]:

2 d,'2
v, =[7r Zg} ©)

where Vi is the total volume of fallen deadwood (m? ha™), L is the length of the transect
(m), and di is the mean diameter of the two diameters measured at the intersection point
(cm).

The relationship between stand structure and amount of deadwood was first as-
sessed through dead to live wood ratio calculated by dividing the volume of deadwood
by the volume of living trees [41,42].

Deadwood and TreMs diversity were quantified using the Shannon diversity index
(SH) formula in accordance with [43]:

SH = —Yi_,1p;log, p; 4)

where pi is the proportion of individuals of the ith (where i can be the TreMs category,
deadwood decay class or deadwood component) divided by the total number of individ-
uals.

Deadwood diversity was estimated based on the number of deadwood elements,
while TreMs observed on individual trees were averaged to estimate the overall number
of TreMs as well as TreMs diversity. The latter was estimated considering the 15 groups
of saproxylic and epixylic microhabitats divided into seven forms, as shown in Table 1.
TreMs observed on the individual trees were then averaged to estimate the overall num-
ber.

Finally, the simple linear regression between standing deadwood volume and num-
ber of TreMs (H:) and between deadwood diversity and TreMs diversity (Hz) was applied.
Based on the assumption that the three independent variables (standing deadwood vol-
ume, deadwood diversity by component and by decay class) are presumably correlated
with each other, simple linear regressions were used. Linear regressions were used be-
cause a linear relationship was assumed between TreMs diversity and other predictors
such as tree size, habitat tree, and number of snags, as underlined by other authors [44,45].

3. Results
3.1. Characteristics of Scots Old-Growth Pine Forest Stand

The main stand characteristics are reported in Table 2. The results showed an average
basal area of 36.0 = 17.9 m? ha™!, with a stem density equal to 18.4 + 8.3 stems ha™. In
addition, the results highlighted an average volume of 276.6 + 147.9 m®ha' and an average
canopy closure of 82.3%, included in a wide range between 21.6% and 93.5%.
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Table 2. Stand characteristics of the old-growth Scots pine forest considered in the present study.

Stand Characteristic Mean SD Median Min Max
Stem density (n° ha) 18.4 8.3 17.0 7.0 29.0
Basal area (m2 ha™?) 36.0 17.9 36.8 10.5 62.1
Volume (m?3 ha) 276.6 147.9 278.9 66.6 470.6
Average height (m) 14.5 6.1 15.7 23 29.6
Canopy closure (%) 82.3 17.6 87.8 21.6 93.5

3.2. Deadwood Volume and Diversity

The results showed a total deadwood volume of 37.53 + 32.39 m3 ha!, distributed
among the three components, 68.5% in snags (25.84 + 26.96 m? ha™), 26.3% in fallen dead-
wood (9.94 + 8.57 m3 ha'), and 5.2% in stumps (1.97 + 4.77 m?® ha™). The average number
of deadwood elements is 217 ha™, thus distributed by component: 127 snags ha, 64 fallen
deadwood ha, and 26 stumps ha™'. As expected, all the stumps recorded were natural
stumps and not man-made stumps. Observing the data by decay class, the results high-
lighted a different volume distribution of the three deadwood components among the five
decay classes, as shown in Table 3. For fallen deadwood and stumps, the highest volumes
are found in the most decomposed classes (fourth and fifth decay classes). Conversely, for
snags, the highest volume is found in the first class (53.6% of the total volume of snags)
with a decreasing trend in subsequent decay classes. Overall, deadwood volume showed
a decreasing trend among the five decay classes, from 13.91 m? ha™ in the first decay class
to 4.55 m? ha™ in the fifth decay class. Regarding the deadwood diversity by component
and decay class, the results showed an average value of the Shannon index by component
equal to 0.54 £ 0.34 and by decay class of 0.85 + 0.47.

The results highlighted an average deadwood volume/living tree volume ratio of
0.203 + 0.102, included in a range between 0.069 and 0.453.

Table 3. Deadwood volume distribution (mean + SD) by component and decay class (m? ha™).

Component/Decay Class First Second Third Fourth Fifth

Fallen deadwood 0.00 +£0.00 0.46 +0.88 1.55+1.77 3.53 +6.45 4.40+7.56
Snags 13.86 +£17.13 6.45+11.27 5.53 + 8.47 0.00 +0.00 0.00 +0.00
Stumps 0.05+0.19 0.05+0.18 0.10+0.18 1.62 +4.80 0.15 +0.60

3.3. Tree-Related Microhabitats

The results showed an average total number of 89.1 TreMs ha™ on snags and 26.4
TreMs ha on living trees. These values correspond to 0.70 TreMs for each snag and 0.07
TreMs for each living tree (Figure 3a).

Observing the TreMs by category, the results highlighted that the most common
TreMs found in the study area (Figure 4) are ‘Cavities latu sensu’ and ‘Epiphytic, epixylic
and parasitic structures’” with, respectively, 40% and 38% of total TreMs identified, fol-
lowed by ‘tree injuries and exposed wood’ (16%) while the remaining 4% includes ‘Fruit-
ing bodies of saproxylic fungi and slime moulds” and ‘Excrescences’ (Figure 3b).

The results showed that the number of TreMs is related to the DBH and decay class
of the snag (Figure 5). In fact, the number of TreMs ranges between 0.05 per snag with a
DBH under 10 cm and 2.00 per snag with a DBH of 4145 cm. Concerning decay class,
only the first three decay classes of snags were considered because none were identified
for the last two classes (fourth and fifth). The highest abundance of TreMs was found in
DBH class 21-35 cm for the first and second decay classes, while for the third decay class,
the highest abundance was found for the snag DBH class greater than 40 cm. In addition,
the number of TreMs per snag increased with the decay class: 0.35 for the first decay class,
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0.95 for the second decay class, and 1.09 for the third decay class, which generally exhibits
the highest number of TreMs across all DBH classes.

The Shannon index for the TreMs diversity highlighted an average value of 0.73 +
0.45, included in a range between 0.0 (in three plots without TreMs) and 1.56 (in a plot
with 10 TreMs distributed across five categories).

The results of the linear regression model showed that the number of TreMs is influ-
enced by the snags volume (R? = 0.712). Similarly, the other two simple linear regressions
highlighted that TreMs diversity is influenced more by deadwood diversity by compo-
nent (R? = 0.664) rather than deadwood diversity by decay class (R2 = 0.416). The scatter
plots of the multiple regression model of the number of TreMs and the diversity of TreMs
are shown in Figure 6.
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Figure 3. Number of tree-related microhabitats (TreMs) by DBH class on standing dead and living

trees (a) and number of tree-related microhabitats (TreMs) by categories per hectare (b).
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Figure 4. Examples of TreMs in the study area (Scots pine-dominated forest, in Cairngorms National

Park, Scotland).
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Figure 6. Scatter plot of the three simple linear regression models between: (A) volume of snags (X)
and number of TreMs (Y), (B) deadwood diversity by component (X) and TreMs diversity (Y), and
(C) deadwood diversity by decay class (X) and TreMs diversity (Y).
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4. Discussion
4.1. Deadwood in Old-Growth Caledonian Pine Forests

Our results highlighted that the old-growth Caledonian pine forests of the Cairn-
gorms National Park are characterized by an average amount of 37.53 m?® ha' of dead-
wood distributed mainly in the early stages of decomposition. In fact, deadwood volumes
were found to be between 13.91 m? ha of the first decay class and 4.56 m? ha™! of the fifth
decay class. This result is potentially favorable for saproxylic biodiversity because other
studies have shown high abundance and number of species of saproxylic beetles during
the early decomposition stage of deadwood [46,47].

Considering deadwood components, our results showed that deadwood volume is
mainly distributed in the snags with 25.84 m3 ha, followed by fallen deadwood (9.94 m?
ha) and natural stumps (1.97 m? ha™'). These results are in accordance with other studies
evidencing that deadwood in natural forests is composed largely of snags [48]. The high
number and volume of snags are a key aspect of saproxylic biodiversity, as highlighted
by some studies. Ozaki et al. (2024) [49] found that large conifer snags are an important
habitat for saproxylic beetles (Cerambycidae) in Japan, while Janssen et al. (2011) [50] found
no relationship between black spruce (Picea mariana (Mill.) Britton, Sterns and Poggenb.)
and balsam fir (Abies balsamea (L.) Mill.) snags and abundance of saproxylic beetles in a
Canadian old-growth forest. Conversely, the low number of stumps is a limiting aspect
because natural stumps are associated with a richness and abundance of saproxylic bee-
tles in boreal and sub-boreal forests, as emphasized by Jonsell et al. (2004) [51].

Our results are in line with the literature focused on estimating deadwood volume
in old-growth forests (see Appendix A). Results closely comparable to ours are reported
by Reid et al. (1996) [48], who have examined the native Scottish Caledonian pine forests
(Abernethy, Beinn Eighe, Loch Maree) and found a total deadwood volume of approxi-
mately 54 m? ha™! of which 78% in snag component. Depending on stand characteristics,
we observed variability in the total volume of deadwood and its distribution across dif-
ferent components (fallen deadwood vs. standing deadwood). In forests dominated by
other conifer species, total deadwood volumes were generally higher. The reported vol-
umes in other European old-growth beech-conifer (silver fir and Norway spruce) forests
range widely from 91 to 420 m? ha [52].

Therefore, we can assert that Caledonian pine-dominated forests typically have
lower deadwood volumes per hectare compared to other coniferous forests, with the
deadwood being primarily concentrated in snags.

4.2. Tree-Related Microhabitats in Old-Growth Caledonian Pine Forests

A total of 111.2 TreMs ha, of which approximately 80% on snags and the remaining
20% on living trees, were identified in our study. These results confirmed our first hypoth-
esis (Hi), that increased deadwood would result in an increase in the number of TreMs.
As expected, a high volume of snags and deadwood in general is positively correlated
with high abundance of TreMs.

The main deadwood variables that influence the abundance of TreMs are size —large
snags are more favorable than small snags —and decay class. Regarding the size, we found
that the DBH of snags is closely related to TreMs abundance, as large trees support a
greater abundance and richness of TreMs across all tree species. Living trees and snags
with a size greater than 25 cm are characterized by a quadruple number of TreMs per tree
(dead or alive) compared to those with a size between 5 and 25 cm. These results are in
line with Biitler et al. (2013) and Asbeck et al. (2022) [53,54]. Furthermore, we found that
the main TreMs groups in the large trees are the cavities with a diameter greater than 10
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cm and the epiphytic structure. Results of our study confirm that the decay class influ-
ences the form of TreMs and, consequently, TreMs diversity. Snags of the first decay class,
characterized by the presence of the crown, have a potentially higher number of TreMs,
such as the crown deadwood group and the witch broom in the twigs tangles group (Ex-
crescences). Snags of the second decay class, characterized by loose and detached bark,
potentially have a higher number of TreMs, such as injuries and exposed wood (e.g., ex-
posed sapwood). In fact, our results confirmed that tree injuries and exposed wood were
identified almost exclusively on snags of the second decay class.

Martin et al. (2018) [10] estimated a TreMs density ranging between 27.27 and 133.33
ha in five clusters with different stand and deadwood characteristics in a black spruce
(P. mariana Mill.) and balsam fir (A. balsamea (L.) Mill.) old-growth forest in Canada (Que-
bec). In a study conducted in northeastern Germany, Winter and Moller (2008) [11] found
about 250 TreMs ha! in a mature lowland beech forest (reference stands unmanaged for
more than 100 years), while Jahed et al. (2020) [55] identified an average value of 121.3
TreMs ha™ in the primeval Hyrcanian beech-dominated forest in Iran and in the Uholka
Forest in Ukraine. This is consistent with our results, as old-growth forests provide over
100 TreMs ha™'. However, under a climate change scenario, suitable ecological niches for
some species (e.g., lichen epiphytes) could also be threatened due to a reduction in habitat
quality [56] and presumably faster decomposition rates of deadwood.

Our results showed a Shannon index by decay class of 0.85 and by component of 0.54,
supporting our second hypothesis (Hz) that an increase in deadwood diversity by compo-
nent and decay class consequently also increases the diversity in TreMs (Shannon index
by TreMs diversity of 0.73). Pesklevits (2006) [57] found Shannon index values for snags
decay classes ranging from 0.5 to 1.3, and for log decay classes, values ranged from 0.6 to
1.5, across various sites in a conifer-dominated old-growth forest in Nova Scotia. More
recently, Martin et al. (2018) [10] estimated Shannon index values by decay class in boreal
old-growth forests situated in Quebec, Canada. These authors found values equal to 0.52
+ 0.28 to 1.01 + 0.17 for snags and 1.19 * 0.29 to 1.32 + 0.17 for logs for the old-growth
forests. In another study conducted in four old-growth forests in Finland, De Meo et al.
(2024) [23] found Shannon index values of 0.932 for component diversity and 1.286 for
decay class diversity.

4.3. Methodological Considerations and Limitations

From a methodological point of view, the main strength of the study was to have
partially filled a knowledge gap in the literature on TreMs in Caledonian pine forests. This
study provided new data regarding deadwood and TreMs diversity in an old-growth
Scots pine-dominated forest in Scotland. Conversely, the main weakness of the study was
the single-site study area (despite being representative of the larger old-growth forest in
the region) and the low number of sample plots, which provided only a preliminary pic-
ture of deadwood as a biodiversity indicator of these old-growth forests. Another im-
portant aspect not investigated in the present study is the actual presence of saproxylic
insects based on the identified TreMs, which would be interesting to investigate in future
studies on Caledonian pine forests.

5. Conclusions

The results provided by this study evidenced that the key variables related to the
diversity in TreMs are the number of snags and the deadwood diversity by component
and decay class. These key aspects must be considered to increase the availability of TreMs
for saproxylic species based on management objectives. In fact, old-growth forests, such
as Caledonian pine forests, should be considered as a biodiversity benchmark in forests.
Therefore, maintaining large snags as well as promoting the diversification of deadwood
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by decay class and component are fundamental aspects that the forest manager must con-
sider in management choices. Our study underlined that, in addition to snags and fallen
deadwood of all decay classes, the number and diversity of TreMs are important func-
tional attributes. Passive forest management of TreMs and deadwood involves maintain-
ing those elements in an old-growth forest, while active forest management involves cre-
ating new TreMs or deadwood from living trees. The latter approach is suitable for mature
forests poor in saproxylic biodiversity, where silvicultural interventions aim to increase
the number of saproxylic species in the medium-long term.

The results of this study can be considered a first step in the investigation of TreMs
in old-growth Caledonian pine forests. Future steps for the study will be to extend the
investigation to other boreal and sub-boreal old-growth forests and contexts to assess
broader trends and provide more comprehensive evaluations at a general level.
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Abbreviation

The following abbreviation is used in this manuscript:

TreMs Tree-related microhabitats
Appendix A

Table Al. Literature about deadwood volume in old-growth forests; if not stated otherwise, average

values are given. The highest values between lying and standing deadwood are highlighted in bold.

Standing Total Dead-

Lying Dead-
Source Location Forest Type Threshold Method ying Dead Deadwood wood Vol-
wood Volume
Volume ume
Fallen deadwood was surveyed us-
ing the line intersect sampling (LIS)
technique, and its volume was esti-
. . mated following the formula pro-
. Abernethy, Beinn . . Lying: D>5 cm
Reid et al. Bighe, Loch Maree Caledonian pine Standing: DBH posed by Warren and Olsen (1964) 12 m? ha-1 2 mihal 54 mdhat
(1996) [48] forests [37].
(Scotland) >5cm

The volume of standing dead wood
was calculated using volume-diam-
eter tables provided by the Forestry
Commission
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Lying: length
>1.0 m), thicker
end D >6.1 cm;
Standing: DBH

>6.1 cm

Sénhofa et
al. (2020)
[58]

Silver birch-downy

Latvi
avia birch forests

For standing dead trees (stems and
snags), they recorded DBH, height,
species, and decay class. In each
plot, the length and diameters at
both ends of downed deadwood
were measured, along with species
identity and decay stage at each end.
Volume of stumps and standing
dead trees was estimated using Hu-
ber’s formula and subsequently con-
verted to biomass using density val-
ues specific to each decay class.

37.2m3 ha!

172 m3ha?! 54.4 m3ha!

Petritan et Runcu Grosi Natural Sessile oak-beech
al. (2023)

[52] Reserve (Romania), forest

All trees taller than 1.5 m were stem-
mapped using Field Map® digital
forest mapping systems (IFER Ltd.,
Czech Republic). For everyone, spa-
tial position, diameter at breast
height (DBH), total height, crown
base height, and crown projection
were recorded.

The volume of living trees and
standing deadwood was estimated
using a double-logarithmic regres-
sion model. For lying deadwood,
volume was calculated using
thefrustum of cone formula, consid-
ering only the portions lying within
the plot boundaries.

149.47 m3 ha! 90.88 m3 ha! 240.7 m3 ha'!

Standing: DBH
Petritan et >6cm
al. (2014)

[59]

Southern Carpathi- Mixed beech-silver

ans (Sinca forest) fir forest D> 15 cm and

length >3 m

In each plot, standing dead trees
were measured for total height and
DBH, species and decay class rec-
orded. For lying deadwood, the spe-
cies and the decay class were rec-
orded and the diameters at both
ends, and the length were measured.

Lying: large-endThe volume of logs was calculated

using the truncated-cone formula.
Volumes of standing deadwood, as
well as lying deadwood, were esti-
mated through a double-logarithmic
regression based on DBH and
height, using species-specific regres-
sion coefficients.

34.03 +5.04
tha
134.9 m3 ha'!

19.84+3.44t 14.19+296t

hal ha-l

Lying: D > 10
cm at the
thicker end,
length>1.5m
Standing: DBH
>10 cm

Majdanova  Hruby Jesenik
etal. (2023) mountain (Czech
[60] Republi),

Norway spruce
forest

In each plot, standing trees—both
living and dead —as well as lying
deadwood were recorded using
FieldMap® technology. For lying
deadwood, diameters at both ends
and decay class were recorded.

The volume of lying deadwood ob-
ject was calculated using the trun-
cated-cone volume equation. The
volume of standing dead trees was
estimated from diameter and height
through allometric equations.
Height-diameter models developed
for each plot separately were ap-
plied to derive the theoretical
whole-tree volume, which was re-
duced to an actual volume of
snapped trees using the actual
height and the reduction coefficient.

59.2 m3 ha!

55.1 m3 ha™!
(median)

129.5 m?ha!

(median) (median)
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All stumps were included in the
study. Due to time constraints dur-
ing field work, only a sub-sample of
the standing and fallen trees was
measured. Four parallel transects of
50 x 500 m were established and
subdivided into 50 x 50 m plots to
assess standing dead trees and fallen

Scots pine-Norway Standing: DBH logs 48.7m3ha' 355m3ha?’ 84.2m*ha’
spruce forest >5cm o™
. Diameters were recorded for all
Rouvinen Lying: DBH 25 dead trees, while heights were
North Karelia (Fin- Scots pine cm ’ . 15.7m3ha’  29.7m3ha! 454 m3ha’
et al. (2005) measured only for broken standing Shat 25mihasl 10.6 m?ha-l
[61] land) Norwa.y Spruce dead trees and for downed logs with 8.1m’ha > 0 mad
Birch a broken stem. Volumes of standing 28m’hat - 12mihat - 4.0mhat
Aspen and fallen dea.d trees were calcu- 50m’hat  21mthatt  7.1mhat
Unidentified . ” 17.1 m*ha~! - 17.1 m*ha™!
lated using specific volume equa-
tions. Stump volume in decay stages
1-5 was estimated assuming a cylin-
drical shape, whereas for decay class
6, stump volume was considered as
one-quarter of the volume calcu-
lated for a whole stump of the same
dimensions.
In each study plot, 50-m straight
Dry boreal forests sampling lines were established ac-
(dominated by cording to a standard GIS-based
Scots pine) procedure. 13.6+11.8m3 64 +46m3
For lying deadwood, diameter and ha! ha-!
Meso-eutrophic decay class were recorded where the
forests (conifer/de- line intersected the item, while for
ciduous mixtures, standing trees, DBH was measured, 98.1%66.3 m® 76 +44 m3
i with Pine or Nor- Standing: DBH and the height of snags was also rec- ha™ ha™
Lohmus way spruce) orded.
. >10 cm ..
and Kraut Estonia Lying: D > 10 Trunk volumes of living and stand-
(2010) [62] Eutrophic boreo- B ing dead tree was calculated using a
nemoral forests o species-specific volume function 143.1+£29.0 m> 84 +44md
(deciduous trees commonly applied in Estonian silvi- ha™ ha™
and spruce) culture. Heights of living trees were
derived from measured DBH and
Mobile-water site quality class using a comprehen-
swamp forests sive dataset of model trees from 111.3 £87.8 m® 107 + 33 m?
(Black alder, across Estonia. The volume of ha? ha?
Downy birch) downed wood was calculated as-

suming circular cross-sections”.
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