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Tree cavities are a common structural feature in forests with high importance to many forest-dwelling species.
Cavity formation is affected by tree characteristics, wood-decaying fungi and excavating birds. Furthermore,
cavity occurrence may be affected by habitat modifications resulting from forest management. Here, we review
studies from boreal Europe on cavity formation patterns. We explore what kind of trees (in terms of species and
vitality) are excavated by birds. We also assess how cavity formation processes are affected by forest manage-
ment by reviewing studies that have compared the densities of cavities and cavity-nesting birds in managed and
unmanaged forests. In total, we reviewed empirical results from 22 studies from the period 1939-2024.

Based on the reviewed studies, excavators can be divided into three groups depending on the types of trees
they excavate: those that favor aspen, ranging from healthy to dead trees (four woodpecker species, of which two
also frequently excavate pines), those that favor low-vitality or dead broadleaved trees, mainly birch (tits and
two woodpecker species), and one species, three-toed woodpecker, that favors dead spruces. Overall, aspen is the
most frequently excavated tree, and the majority of cavities are in low-vitality or dead trees. The densities of
cavities or cavity-nesting birds was 1.7-4 times higher in unmanaged forests compared to managed forests. A
lower frequency of trees suitable for excavation in managed forests is the most likely explanation for the

observed difference.

To improve cavity availability in managed forests, regeneration and thinning practices should be adjusted to
ensure the occurrence of dead or low-vitality broadleaved trees. Increased rotation lengths and tree retention
practices can further increase the amount of trees suitable for excavation in managed forests.

1. Introduction

Cavities in trees are diverse in their structure, formation, and dy-
namics. They provide sites for breeding and sheltering for many taxa
and, thus, are important to forest biodiversity (Gibbons and Linden-
mayer, 2002). Tree cavities are a characteristic ecological feature of
forests globally (Remm and Lohmus, 2011), and they have lately
received increasing attention through the study of tree-related micro-
habitats (Larrieu et al., 2018). Cavities are often formed by consecutive
impacts of abiotic factors, decomposing fungi and excavating animals
(Cockle et al., 2012). Cavity formation typically starts with a wound or
injury that exposes the wood beneath the bark. Then, heart-rot fungi
may access the exposed wood and begin its decomposition (Basham,
1958). Decay by fungi may alone form cavities, but cavity formation can
be accelerated by excavating birds. Wood becoming softer from decay
enables cavity excavation by birds (Martin et al., 2004; Cockle et al.,
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2012; Zahner et al., 2012), although the capacity of excavating harder
wood varies by species (Hagvar et al., 1990).

Tree properties affect cavity occurrence. Cavities are more frequent
in some tree species than in others (Altamirano et al., 2017; Blakely
et al., 2008; Cadieux et al., 2023; Niringiyimana et al., 2022; Ruggera
etal., 2016; Takashima et al., 2021; Zheng et al., 2009). This is related to
variation among tree species in capacity for defense against
wood-decaying fungi, and in propensity for obtaining wood-exposing
injuries. Since the likelihood of obtaining injuries that expose wood,
or colonization by fungi through other means, increases with tree age,
the occurrence of cavities increases with tree age (Gibbons et al., 2000;
Ranius et al., 2009) or size (Fan et al., 2003; Blakely et al., 2008; Zheng
et al., 2009; Cockle et al., 2012; Altamirano et al., 2017; Ibarra et al.,
2020; Takashima et al., 2021; Niringiyimana et al., 2022). Additionally,
cavities are common in standing dead trees that are usually softened by
fungal decay and are easier to excavate. At the tree scale, standing dead
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trees bear more cavities than living trees, yet, at the stand scale, more
cavities are typically found in living trees because of the relatively low
numbers of standing dead trees (Fan et al., 2003; Martin et al., 2004;
Zheng et al., 2009; Zawadzka et al., 2016; Andersson et al., 2018).

A large portion of forests are managed for timber production by
maintaining tree vitality and harvesting trees before they reach senes-
cence. This changes tree species compositions, reduces deadwood vol-
ume, and truncates tree age distributions (Kuuluvainen, 2002; Siitonen
et al., 2000). These impacts are expected to reduce cavity formation
given that cavities are more frequently formed in older or dead trees and
to certain tree species (see above). Thus, cavity formation and
cavity-associated taxa may be influenced by forest management
(Gibbons and Lindenmayer, 2002; Martin et al., 2004; Politi et al., 2010;
Walankiewicz et al., 2014). Identifying the key factors of cavity dy-
namics can facilitate the reconciliation of cavity dynamics and forest
management (Martin et al., 2004; Blanc and Walters, 2008; Cockle et al.,
2012; Altamirano et al., 2017).

Here, we review research on cavity patterns in boreal European
forests. Even though the dynamics of the forests in this region are known
quite well, cavity patterns and dynamics have received scarce attention.
In particular, any impacts that forest management may have on cavity
occurrence have received very limited attention so far. We address two
major research questions:

1. What kinds of trees are excavated by birds? We focus on two aspects:
tree species and tree vitality.

2. What are the differences in the occurrence of cavities in managed
and unmanaged forests? For this, we reviewed studies that have
measured cavity occurrences directly, and supplemented these
studies with data of cavity-nesting birds in managed and unmanaged
forests.

Knowledge on the kinds of trees used for excavation by birds is
central for understanding cavity dynamics, since cavity formation by
tree decay alone is rare in the boreal zone (Remm and Lohmus, 2011).
Our review mainly deals with birds because the majority of studies have
focused on them. However, to highlight the significance of tree cavities
for forest biodiversity in general, we preface our review with an over-
view of cavity-associated taxa.

2. Methods
2.1. Scope and definitions

This review focuses on boreal Europe as defined by Ahti et al. (1968).
Thus, boreal Europe includes the Nordic countries (except Denmark and
Iceland), the Baltic countries, and large parts of western Russia. Euro-
pean boreal forests are dominated by Norway spruce (Picea abies) and
Scots pine (Pinus sylvestris). Forests also often have a broadleaved
component, consisting mainly of birches (Betula pendula and
B. pubescens), aspen (Populus tremula) and alders (Alnus incana and
A. glutinosa). The hemiboreal zone is a transition zone between the
boreal and temperate zones. The hemiboreal zone contains
conifer-dominated forests, broadleaved-dominated forests (including a
higher diversity of trees such as Quercus, Fraxinus, Tilia, Acer, Ulmus),
and mixed forests.

Most studies on cavities and associated diversity in boreal Europe
originates from Estonia, Finland, Sweden and Norway. The majority of
forests in these countries are managed, with even-aged rotation forestry
as the prevailing silvicultural method. A rotation cycle consists of
clearcutting, regeneration via planting (typically spruce or pine), and
1-3 thinnings from below before the next clearcut. The rotation length is
60-120 years depending on site conditions and geographical location.

For this review, we define a tree cavity as a hollow space inside the
stem (or large branches) of a tree, with an opening of at least 2 cm in
diameter. The size restriction is mainly to exclude small cavities made by
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invertebrates, such as saproxylic beetles. Such small cavities may host
some taxa but there is very limited data on them. Most studies on tree
cavities have used a similar minimum size criterion for cavities, since
vertebrate animals are unable to enter cavities smaller than that. We
consider both cavities excavated by birds and those formed fully by
decay.

We aimed to compile a full list of cavity-nesting birds breeding in
boreal Europe. Cavity nesters are here defined as species that breed
mainly in cavities in the stems (or branches) of trees. Thus, cavity nesters
may use other types of nests, but the majority of breeding occurs in tree
cavities. To determine which bird species are present in boreal Europe,
we used the lists of the bird fauna of Finland, Sweden and Norway from
the BirdLife Data Zone (BirdLife International, 2024a; BirdLife Inter-
national, 2024b; BirdLife International, 2024c). This source also lists
some species with very small ranges within boreal Europe, as well as
species that have previously bred in the region but are currently absent.
To determine cavity nesters, we used the list of cavity-nesting birds in
Van der Hoek et al. (2017) as a starting point, and scoured literature on
bird breeding biology to ensure that species listed by them match the
definition of a cavity nester given above. While doing this, we empha-
sized studies from the boreal zone, and thus the classification of the
species may not match their breeding biology in other regions.

2.2. Literature selection

To answer the study questions stated in the introduction, we aimed
to cover all peer-reviewed publications where the relevant data had
been collected in boreal Europe as defined in Section 2.1, and that
contained information of:

1. The distribution of cavities excavated by a given excavator species
into various tree species. A minimum of 15 excavations by a given
excavator species had to have been recorded. These studies had also
often recorded the status of the excavated trees (i.e., living, dead, or
some description of reduced vitality; weakened, dying, decaying,
etc.).

2. Differences in cavity density or the density of cavity-nesting birds
between managed and unmanaged forests. Regarding bird studies,
we summed and compared the observed densities of cavity-nesting
birds (as listed in Section 3, and including species nesting in other
tree-related microhabitats) in the two types of forest. Here,
“managed forests” refer to those that are actively being modified for
the purposes of timber production. “Unmanaged forests” mostly re-
fers to forests with no management operations for several decades
and where stand age is now significantly over the typical maximum
rotation length. Exceptions to this are two studies which compared
managed forests to forests of similar age under natural succession
(Nilsson, 1979; Pass et al., 2022), and one study which compared
salvage-logged post-fire sites to unintervened post-fire sites
(Zmihorski et al., 2019).

Our initial literature searches proved that strictly defined search
strings were an ineffective method of capturing studies that are useful in
this context. This was primarily due to a small number of relevant
publications and variable terminology. Thus, we chose a more non-
systematic approach and compiled the publications by browsing
studies available in online databases and reference lists in the original
articles. There were no restrictions for publication year. However, some
older publications in regional journals may have gone unnoticed if they
were not available online. For the discussion section, we explored
literature more broadly. The discussion is mainly based on publications
from boreal Europe, but also on publications from other regions when
they add insights to the research in boreal Europe. In total, this review
summarizes the results of 22 studies.
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Table 1

The cavity-nesting birds of boreal Europe. The list includes species for which
primary nesting sites are tree cavities. Includes also five species that nest mainly
in tree-related microhabitats that resemble cavities (see text). Species capable of
excavating cavities are marked in the “Exc.” column. Compiled from the bird
fauna of Finland, Sweden and Norway as listed in the BirdLife Data Zone
(BirdLife International, 2024a; BirdLife International, 2024b; BirdLife Interna-
tional, 2024c).

Species nesting in other tree-related microhabitats

Certhiidae Certhia familiaris
Muscicapidae Ficedula parva
Muscicapidae Muscicapa striata
Strigidae Strix nebulosa
Strigidae Strix uralensis

Family Exc. Species Common name
True cavity-
nesters
Anatidae Bucephala clangula Common goldeneye
Anatidae Mergellus albellus Smew
Anatidae Mergus merganser Goosander
Apodidae Apus apus Common swift
Columbidae Columba oenas Stock dove
Coraciidae Coracias garrulus European roller
Corvidae Corvus monedula Eurasian jackdaw
Muscicapidae Ficedula albicollis Collared flycatcher
Muscicapidae Ficedula hypoleuca Pied flycatcher
Muscicapidae Phoenfcunm Common redstart
phoenicurus
Paridae Cyanistes caeruleus Eurasian blue tit
Paridae Cyanistes cyanus Azure tit
Paridae x Lophophanes cristatus Crested tit
Paridae Parus major Great tit
Paridae Periparus ater Coal tit
Paridae x Poecile cinctus Siberian tit
Paridae x Poecile montanus Willow tit
Paridae x Poecile palustris Marsh tit
Passeridae Passer domesticus House sparrow
Passeridae Passer montanus Eurasian tree sparrow
Picidae x Dendrocopos leucotos White-backed woodpecker
Picidae x Dendrocopos major Great spotted woodpecker
Picidae x Dryobates minor Lesser spotted woodpecker
Picidae x Dryocopus martius Black woodpecker
Picidae Jynx torquilla Eurasian wryneck
Picidae x Leiopicus medius Middle spotted
woodpecker
Picidae x Picoides tridactylus Three-toed woodpecker
Picidae x Picus canus Grey-headed woodpecker
Picidae x Picus viridis European green
woodpecker
Sittidae Sitta europaea Eurasian nuthatch
Strigidae Aegolius funereus Boreal owl
Strigidae Glaucidium passerinum  Eurasian pygmy owl
Strigidae Strix aluco Tawny owl
Strigidae Surnia ulula Northern hawk owl
Sturnidae Sturnus vulgaris Common starling
Tytonidae Tyto alba Common barn owl
Upupidae Upupa epops Common hoopoe

Eurasian treecreeper
Red-breasted flycatcher
Spotted flycatcher
Great grey owl

Ural owl

3. Cavity-associated taxa in boreal Europe

Thirty-seven species of birds that are currently breeding or have
previously bred in Finland, Sweden or Norway are cavity-nesters
(Table 1). In addition, 5 species nest in other tree-related microhabi-
tats, i.e., beneath loose bark, in vertical crevices in trees, or in chimney
cavities of broken-top snags. Cavity-nesting birds account for 14 % of the
breeding bird fauna of boreal Europe. The proportion of cavity nesters is
higher among forest-dwelling species. For example, in Finland, 80
breeding bird species are classified as having forests as their primary
habitat (in the Finnish Biodiversity Information Facility), and of them,
25 (31 %) are cavity nesters. Van der Hoek et al. (2017) classified 18 %
of bird species globally as cavity nesters. Out of the 295 breeding bird
species of boreal Europe, they classified 58 (20 %) as cavity nesters.
Thus, the proportion of cavity nesters among avifauna seems to be
similar in boreal Europe as it is globally. We used a stricter definition for
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cavity nesters than Van der Hoek et al. (2017) which is why Table 1
includes fewer species.

Among mammals, the Siberian flying squirrel, pine marten (Fig. 1b)
and hazel dormouse nest primarily in cavities. In addition, a number of
mammals use cavities infrequently or facultatively. Red squirrels, bank
voles and yellow-necked mice can climb trees, and thus they frequently
enter cavities, perhaps in search of food, but nest there only rarely
(Czeszczewik et al., 2008; Yatsiuk, 2024). Stoats and weasels may prey
on cavity nests (Nilsson, 1984). Most species of dormice (Gliridae) are
arboreal and nest in cavities frequently, but garden dormouse seems to
do so only rarely (Bertolino and Montezemolo, 2007). Several bat spe-
cies use cavities for sheltering and breeding, but seem to be loosely
associated with cavities, since many of them also use, e.g., human-made
structures (Lucan et al., 2024). Furthermore, species that roost in trees
may also roost beneath loose bark or in cracks in trees (i.e., “other
tree-related microhabitats” as in Table 1; (Dietz et al., 2018).

Many invertebrates are associated with tree cavities. They are mostly
detritivorous or saproxylic species. Arthropods from 23 orders were
found in the wood mould, i.e., organic matter accumulating on the
bottoms of cavities, of 18 tree cavities in the USA (Park and Auerbach,
1954). Mites (Acarina) and springtails (Collembola) comprised most
individuals, followed by beetles (Coleoptera) and flies and gnats
(Diptera). The invertebrate community in wood mould has some
resemblance to that in the soil. However, a study in hemiboreal Europe
showed that the mite fauna in wood mould is distinct from that of soil
and appears to include specialized species (Taylor and Ranius, 2014).
Invertebrate communities of wood mould are mainly associated with old
trees with large, long-lived cavities where wood mould has accumu-
lated; in hemiboreal Europe, oak is a particularly favorable tree species
for the occurrence of such cavities (Ranius et al., 2009; Ranius et al.,
2009).

Beetles are the most extensively studied group of cavity-associated
invertebrates. In a study in southern Sweden, 242 beetle species were
trapped from 49 hollow trees representing four species (Quercus, Tilia,
Fraxinus, Acer; (Milberg et al., 2014). Many of the beetle species in
cavities are generalist saproxylic species, but the presence of several
specialized species is also evident (Fig. 1¢). Ranius and Jansson (2000)
listed 30 saproxylic beetle species specialized to live in cavities in oaks.
The specialized species are mainly associated with wood mould. Beetles
within the cavities of broadleaved trees in the hemiboreal zone, espe-
cially oak, are relatively well-studied, but there are no studies con-
cerning saproxylic beetles in tree cavities in more northern regions.

Many invertebrates are associated with the nests of vertebrates in
tree cavities. These include ectoparasites of the nesters, species feeding
on organic material accumulating in the nests (feathers, hair, carcasses
of prey, excrement), and species that prey on other invertebrates in the
nest. This group includes many taxa, but Diptera, Lepidoptera and
Coleoptera have the highest numbers of individuals (Hanzelka et al.,
2023). Hanzelka et al. (2023) identified 33 beetle species from 113 bird
nests in cavities or nest boxes, and Ranius and Jansson (2000) reported
22 species found from hollow oaks to be associated with animal nests.
There was little overlap in the species reported by these two studies.
Cavity nests and open nests seem to be inhabited by partially different
sets of invertebrate species (Hagvar, 1975).

Social insects may establish their nests inside tree cavities
(Broughton et al., 2015). Minuscule tunnel-like cavities that are bored
into wood by insects are outside of the definiton of cavities used in this
review. Nevertheless, it should be noted that many solitary bees and
wasps nest in such cavities. About 5 % of all aculeate species in the
Czech Republic (82 spp.) were considered cavity-nesters, and an addi-
tional 8% of species (129 spp.) were considered facultative
cavity-nesters (Bogusch and Horak, 2018).

When the opening is positioned so that rainfall enters and fills the
cavity, and evaporation is low, cavities may become filled with water.
Water-filled cavities host unique invertebrate assemblages, with flies
and gnats (Diptera) in their larval stage as the most prominent
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Fig. 1. Examples of cavity-associated species. a) Three-toed woodpecker excavates and forages from standing dead spruces. b) Pine marten is semi-arboreal, and
nests in and seeks prey from cavities. ¢) Hermit beetle is a wood mould specialist, and aside from dispersal as adults, spends its life in hollow broadleaved trees,
especially oak. d) Phellinus tremulae is the main cause of heart rot in aspen and a crucial enabler of cavity excavation. Photo credits: a) Timo Nirhamo, b) Caroline
Legg, c¢) Oskar Gran, d) Rob Curtis. a) with permission from the author, b-d) under Creative Commons licenses.

component (Kitching, 2000; Petermann and Gossner, 2022).
Water-filled cavities appear, however, to be rare in boreal Europe. We
found no published research on invertebrates in water-filled cavities
originating from boreal Europe.

4. Results
4.1. Trees excavated by birds

Excavators can be divided into three broad and somewhat over-
lapping groups based on their preferences for tree species (Table 2,
Fig. 2). First, four species primarily excavate aspens: the great spotted,
black, grey-headed and green woodpeckers. The first two of these also
commonly excavate pines. All other excavators also excavate aspens at
least occasionally. Second, the three-toed woodpecker mainly excavates
spruces and is the only species to do so regularly. Third, the lesser
spotted and white-backed woodpeckers and tits mainly excavate birches
and alders. In a conifer-dominated southern boreal landscape, about half
of woodpecker excavations were in aspen, and the rest were about
evenly split between birch, pine and spruce (Pakkala et al., 2024). The
great spotted woodpecker was the most prominent excavator, respon-
sible of 66 % of excavations in managed forests, and 60 % in natural
forests. The three-toed woodpecker was another fairly prominent
excavator in natural forests (20 % of excavations; (Pakkala et al., 2024).

Not all studies reported whether excavated trees were dead or alive,
and often low-vitality trees were not distinguished from healthy trees.
Hagvar et al. (1990) did not present the precise distribution of excava-
tions in tree vitality classes, but ranked seven woodpeckers based on the
vitality of excavated trees, from highest to lowest vitality: black (mainly
in healthy trees), green, great spotted, grey-headed (these three mainly
in low-vitality trees), three-toed, white-backed, lesser spotted (these

three mainly in dead trees). Thus, from the three excavator groups
delineated above, the second and third strongly favor dead or
low-vitality trees (Table 2, Fig. 2). The species in the first group are
capable of excavating healthy trees, but studies are inconclusive about
their preferences between healthy, low-vitality and dead trees.

4.2. Densities of cavities and cavity-nesting birds in managed and
unmanaged forests

We found only three studies in which the density of tree cavities was
compared between managed and unmanaged forests in boreal Europe
(Table 3). They found cavity density to be 2.1-3.7 times higher in un-
managed forests. In addition, ten studies gave information about as-
semblages of cavity-nesting birds in both managed and unmanaged
forests in boreal Europe (Table 3). Population density was higher in
unmanaged forests in all these studies, on average by a factor of 2.18
(Table 3). Species richness of cavity-nesting birds was, on average, about
30 % higher in unmanaged forests, and with no exception, the richness
was either similar in unmanaged and managed forests or higher in un-
managed forests.

5. Discussion
5.1. Cavity formation

Bird species able to excavate cavities in boreal Europe appear to have
clear preferences for the type of tree to excavate. The preferences are
likely to be related to the strength of the excavators; standing dead al-
ders and birches require the least strength, while healthy trees require
the most (Hagvar et al., 1990). The black and great spotted woodpeckers
are strong excavators and they often excavate healthy trees (Héagvar
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The distribution of cavity excavations or nestings by excavator species among tree species and tree vitality classes in studies from boreal Europe. ‘-> means that no
excavations or nestings in the tree species or vitality class in question were observed. ‘n/a’ means that the share of excavations or nestings in the tree species or vitality

class in question was not reported precisely. Only cases with at least 15 observations are included here.

Tree species

Tree vitality

Number of
Excavator species observefi Aspen Birch Alder Pine Spruce Others Healthy Low vitality Dead

excavations

or nestings
Great spotted woodpecker
(Pynnonen, 1939) 40 85 % - 13 % - - 3% n/a n/a n/a
(Haapanen, 1965) 64 28 % 16 % - 56 % - - n/a n/a n/a
(Hégvar et al., 1990) 106 78 % 12% 1% 1% 5% 3% n/a n/a n/a
(Hansson, 1992) 66 68 % 12% - 3% 8% 9% n/a n/a n/a
Black woodpecker
(Pynnonen, 1939) 18 89 % 6 % - 6 % - - n/a n/a n/a
(Haapanen, 1965) 18 11 % - - 89 % - - n/a n/a n/a
(Hagvar et al., 1990) 102 66 % 2% - 32% - - n/a n/a n/a
(Johnsson et al., 1993) 173 74 % n/a n/a 13% n/a n/a 88 % n/a 12%
(Rolstad et al., 2000) 457 60 % 4% 1% 33 % 3% - 78 % n/a 22 %
Grey-headed/green woodpecker
(Hégvar et al., 1990) 65 88 % 8% - - - 4% n/a n/a n/a
(Pakkala et al., 2020) 76 70 % 14 % 8% 8% - - 14 % 45 % 41 %
Lesser spotted woodpecker
(Pynnonen, 1939) 19 11 % 47 % 42 % - - - n/a n/a n/a
(Hégvar et al., 1990) 50 40 % 34 % 26 % - - - n/a n/a n/a
(Pakkala et al., 2019) 106 18 % 37 % 43 % - - 2% - 21 % 79 %
Three-toed woodpecker
(Pulliainen and Saari, 1989) 31 10 % 3% - 42 % 45 % - 19% n/a 81 %
(Pakkala et al., 2018) 650 15 % 2% 2% 8% 73 % - 13 % 36 % 51 %
White-backed woodpecker
(Krams, 1998) 31 19% 26 % 48 % - - 6 % 32% 16 % 52 %
Tits
(Haapanen, 1965) 19 26 % 63 % 11 % - - - n/a n/a n/a
(Orell and Ojanen, 1983) 99 2% 76 % 14 % - 1% 7 % n/a n/a n/a
(Pakkala et al., 2024) 329 n/a 67 % 25 % n/a n/a 8% 2% n/a 98 %
All woodpeckers
(Pakkala et al., 2024) 2238 47 % 21 % n/a 15% 15 % 4% 54 % n/a 46 %

et al., 1990). Boreal European studies were inconclusive about their
preference between healthy and low-vitality or dead trees. In coniferous
forests in Poland, they excavated living and dead trees at a similar rate,
although dead trees may have been slightly preferred (Hebda et al.,
2017; Zawadzki, 2024). For the black woodpecker, it has been shown
that nearly all excavated trees are affected by heart-rot fungi even if they
have no superficial signs of reduced vitality (Zahner et al., 2012). It has
also been suggested that the causative relation may be the opposite so
that fungal colonization and the onset of heart rot is facilitated by bird
excavations (Jusino et al., 2015). The preference of the great spotted and
black woodpeckers between aspens and pines varied between studies.
They probably excavate one or the other depending on which are better
available; aspens in younger and mesic forests, and pines in older and
xeric forests (Rolstad et al., 2000; Zawadzki, 2024). Also tree species

Softened-wood-excavators
Tits

(willow/crested)

White-backed Lesser spotted
woodpecker  woodpecker

Alder Birch

Aspen-pine-excavators

Picus spp.
(gray-headed/green)

Aspen

other than those in Table 2 and Fig. 2 are excavated, such as goat willow
(Salix caprea) (Hagvar et al., 1990; Hansson, 1992; Pakkala et al., 2019).
Goat willow assumably was very infrequent in the sites surveyed in
various studies, and thus excavations were observed only rarely.
Excavators require a tree to be sufficiently large for cavity excava-
tion. The requirements of different excavator species for tree size cor-
relates roughly with the size of the excavator (Hagvar et al., 1990). Trees
excavated by the smallest excavators, the lesser spotted woodpecker and
tits, are most commonly 20-25 cm in diameter (Pakkala et al., 2019;
Pakkala et al., 2024). The largest excavator, the black woodpecker,
usually excavates trees that are larger than 40 cm (Hagvar et al., 1990;
Rolstad et al., 2000; Pakkala et al., 2024; Zawadzki, 2024). Aspens and
pines reached a size that is sufficient for cavity excavation by black
woodpeckers at the age of 55 and 110 years, respectively (Rolstad et al.,

Preference of dead or low-vitality trees

Mixture of healthy, low-vitality and dead trees

Spruce-excavator

Great spotted Black Three-toed
woodpecker  woodpecker woodpecker
Pine Spruce

Fig. 2. Schematic connections between excavators and tree species. The thickness of the lines reflects how large a portion of the excavations by the given bird species

is made in various tree species. Synthesised from data in Table 2.
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Table 3

Forest Ecology and Management 593 (2025) 122856

Cavity densities or population densities of cavity-nesting birds in managed and unmanaged forests. The columns ’Density difference’ and ‘Richness difference’ indicate
the multiplicative difference between unmanaged and managed forests, i.e., how many times higher density or richness was in unmanaged forests than in managed
forests. Characterisation of forests is based on descriptions provided by the authors of the cited papers.

Density Richness

Sub-zone Characterisation of managed forest Characterisation of unmanaged forest . . Citation
difference difference
Cavity density

South Clearcut and planted, spruce-pine- . . (Pakkala et al.,

boreal dominated Unmanaged for >70 years, spruce-pine-dominated 3.66 2024)

South Clearcut and planted, spruce-pine- Unmanaged for several decades, spruce-pine- (Andersson et al.,

. . 2.18
boreal dominated dominated 2018)
. . . . . (Remm et al.,
Hemiboreal 60-95 years old, thinned, mixed stands Old-growth forests, mixed stands 2.10% 2008)
Population density and species richness of cavity-nesting birds

Hemiboreal 30—?0 years old, planted, spruce- >90 years old, unmanag.ed for at least 20 years, 3.94 1.58 (Pass et al., 2022)
dominated spruce-broadleaved dominated

Hemiboreal 80-100 yeafs old, planted and thinned, 30—1.20 years old, natural succession, broadleaved- 2.99 1.25 (Nilsson, 1979)
spruce-dominated dominated

North Thm.n ed/shelterwood logged, pine- Natural forest, pine-dominated 2.35 1.00 (Virkkala, 1987)

boreal dominated

Hemiboreal 6079.5 years old, thinned, spruce- Old-growth forest, spruce-dominated 2.19 1.78 (Rosenvald et al.,
dominated 2011)

— i ine- senvald et al.,

Hemiboreal 60 9_5 years old, thinned, pine Old-growth forest, pine-dominated 2.05 1.18 '(Roscnvx deta
dominated 2011)

Hemiboreal 55-80 years old, even-aged production Conifer-dominated forest reserves, mostly >120 2.04 1.33 (Lindbladh et al.,
forest years old 2019)

Hemiboreal 6079.5 years old, thinned, broadleaved- Old-growth forest, broadleaved-dominated 1.94 1.15 '(Roscnva]d etal
dominated 2011)

South Stand-replacing fire 1-2 years ago, e . . (Zmihorski et al.

boreal salvage-logged Stand-replacing fire 1-2 years ago, no intervention 1.92 1.42 2019)

Hemiboreal 50-80 years old, Producnon stand, Natural stand, broadleaved-dominated 1.73 1.45 (Felton et al.
broadleaved-dominated 2016)

Hemiboreal 30-70 years old, planted, spruce- 30-70 years old, natural succession, broadleaved- 1.69 1.00 (Pass et al. 2022)

dominated dominated

*Only includes cavities with entrances smaller than 5.5 cm in diameter.

2000; see also Zawadzki, 2024).

Most cavities in boreal forests are excavated by birds, and the pro-
portion of decay-formed cavities is low (Remm et al., 2006; Andersson
et al., 2018; Aitken and Martin, 2007). However, in some studies, up to
about half of cavities were reported as decay-formed (Carlson, 1994;
Carlson et al., 1998). Decay-formed cavities were reported to occur
mainly in oak, aspen and black alder, and not in conifers (Carlson, 1994;
Carlson et al., 1998; Remm et al., 2006). The scarcity of decay-formed
cavities in the boreal zone is likely affected by the cold climate that
causes the rate of decay by heart-rot fungi to be so low that cavities are
formed by decay alone only rarely (Remm and Lohmus, 2011).
Furthermore, the dominant conifers have high decay resistance.
Decay-formed cavities are common in more southern biomes (Cockle
et al., 2011), and accordingly, studies in which decay-formed cavities
were reported in boreal Europe took place in the hemiboreal zone
(Carlson, 1994; Carlson et al., 1998; Remm et al., 2006; see also
Zawadzka et al., 2016).

Although cavities formed fully by decay are scarce in boreal Europe,
heart-rot fungi have crucial roles in cavity formation since woodpeckers
strongly favor dead or low-vitality trees that have been softened by fungi
(Martin et al., 2004; Cockle et al., 2012; Zahner et al., 2012). Tree
species differ markedly in the frequency and form of inner decay. Stem
decay was found in over 90 % of aspens 100 years old or older (Tikka,
1956; Basham, 1958), and only in 4.4 % of living spruces averaging 200
years of age (Norokorpi, 1980). Correspondingly, aspens are excavated
frequently, and spruces almost never, except by the three-toed wood-
pecker. Spruces are, however, occasionally affected by basal decay
(27.2 % of trees; Norokorpi, 1980). This may explain the low height of
excavations by three-toed woodpeckers in spruces (Hagvar et al., 1990;
Pakkala et al., 2018). Fungi that are frequent agents of heart rot, such as
Phellinus tremulae on aspen (Fig. 1d), should be considered keystone
species of cavity dynamics. Porodaedalea pini, which affects pines, seems
to have a significant role in the cavity dynamics of xeric forests, where
tree species other than pine are scarce (Lohmus, 2016; see also Jusino

et al., 2015).

Most of the studies reviewed here were conducted in human-
modified landscapes. Thus, there is a gap in research on cavity dy-
namics as a constituent of natural forest dynamics. Given the changes
along natural forest succession in tree species composition and dead-
wood volume (Angelstam and Kuuluvainen, 2004; Lilja et al., 2006),
significant variation in cavity dynamics along natural succession is ex-
pected. Intermediate stages of natural succession are characterized by a
high abundance of senescent and dead broadleaved trees (Angelstam
and Kuuluvainen, 2004; Lilja et al., 2006), which could translate to a
high rate of cavity excavation. Observations in Bialowieza, Poland,
indicate that cavity occurrence in conifer snags, particularly pine snags,
may be high in late-successional forests (Walankiewicz et al., 2014).

5.2. Cavity persistence and secondary cavity nesters

After cavities are formed, they remain available for use by secondary
cavity nesters until tree fall or breakage. Since a large portion of exca-
vations are in dead or low-vitality trees, cavity persistence is usually
short. Cavities in dead trees rarely persist for more than a decade
(Wesotowski, 2011; Pakkala et al., 2018, 2019, 2021, 2022). Cavities in
healthy trees persist for longer, at least up to a few decades (Wesotowski,
2011; Pakkala et al., 2021). An exception to these patterns are cavities in
standing dead pines, which persist for much longer than cavities in
standing dead trees of other species (Wesotowski, 2011). This is most
likely explained by the exceptional longevity of standing dead pines
(Rouvinen et al., 2002). The high persistence of cavities in standing dead
pines may cause them to accumulate and reach high densities
(Walankiewicz et al., 2014). In addition, exceptional cavity persistence
has been observed in oaks in southern Sweden, with a median persis-
tence of 87 years (Ranius et al., 2009). These old cavities in oaks are
crucial for invertebrates associated with wood mould but may be
infavorable for vertebrate nesters.

Secondary nesters prefer recently excavated cavities. The occupancy
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rate of cavities in the first three years of the lifespan of cavities was
30-60 %, and about 10 % in cavities older than 10 years (Pakkala et al.,
2018, 2019, 2021; see also Johnsson et al., 1993; Hanzelka et al., 2023).
Nesters probably avoid old cavities because their condition and stability
has deteriorated due to decay and possible parasites and diseases after
previous use. Secondary nesters use decay-formed cavities regularly if
they are available and may even prefer them over excavated cavities
(Carlson et al., 1998; Remm et al., 2006). The preference may be due to
decay-formed cavities having slightly smaller entrances (Remm et al.,
2006).

Most secondary nesting is by a small number of passerine species
(Carlson et al., 1998; Remm et al., 2006; Pakkala et al., 2018, 2019,
2022). Many secondary nesters live in some specific habitats such as
farmland (Johnsson et al., 1993; Berg, 2002) or near water (Poysa and
Poysa, 2002), and thus have not been observed in studies conducted in
forests. As the largest excavator of the region, the black woodpecker
produces the largest cavities and has a special role as a provider of nest
sites for large-bodied secondary cavity nesters (Johnsson et al., 1993;
Brainerd et al., 1995).

5.3. Forest management and the density of cavities and cavity nester
populations

Only a few studies had compared cavity density in managed and
unmanaged forests in boreal Europe. These studies indicate that cavity
formation is reduced by timber-oriented forest management (Remm
et al., 2008; Andersson et al., 2018; Pakkala et al., 2024). Studies from
other regions have shown similar patterns, although they represent
different kinds of forests and management methods, such as selective
logging (Pattanavibool and Edge, 1996; Politi et al., 2010; Ibarra et al.,
2020; Oliveira et al., 2024). A Polish study, however, included forests
and management methods that appear comparable to those in boreal
Europe, and cavity density was almost four times higher in unmanaged
forests (Walankiewicz et al., 2014). The extent of cavity density reduc-
tion in comparison to unmanaged counterparts appears to be deter-
mined by management intensity (Walankiewicz et al., 2014; Pakkala
et al.,, 2024). The few studies comparing cavity density are supple-
mented by studies that examined bird assemblages in managed and
unmanaged forests. They indicate similar differences in the density of
cavity-nesting birds as the other studies in the density of cavities.
Notably, managed forests were mainly represented by mature stands
approaching the end of the rotation. In forests regenerating from pre-
vious clearing, forest age can affect cavity density significantly (Felton
et al.,, 2016; Zawadzka et al., 2016; Oliveira et al., 2024). Young
even-aged forests where trees are still too small for excavation may be
assumed to have no cavities and thus very few cavity-nesting birds.

We identify three main mechanisms by which the even-aged silvi-
cultural system used in boreal Europe is likely to reduce cavity forma-
tion. First, in natural succession, European boreal forests have a high
proportion of broadleaved trees for the first 100-150 years (Angelstam
and Kuuluvainen, 2004; Lilja et al., 2006). However, conifers are
favored in forest management because of their higher commercial value.
Thus, as managed forests are regenerated by planting conifers, they are
dominated by conifers in which cavity formation is lower than in
broadleaved trees. Second, thinning from below targets trees with
reduced vitality (Tikkanen et al., 2012). Thus, thinning from below
removes trees that are or are about to become favorable for cavity for-
mation. Third, trees in managed forests are harvested at a low age
compared to their maximum life span. The main reason for this is the
decline of growth increment as trees reach a certain age (Roberge et al.,
2016). Since the likelihood of cavity formation increases with tree age,
the harvesting of trees before they reach senescence suppresses cavity
formation.

These mechanistic explanations are supported by published studies,
although it is rare for studies on cavities or cavity nesters to directly have
addressed these factors. As the density of cavities or cavity nesters is
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higher in older, unmanaged forests than in managed forests adhering to
standard rotation lengths (Table 3), extended rotation lengths can be
expected to have similar effects, with the magnitude of the effect
depending on exactly how much the rotation lengths are extended. The
density of cavity nesters was positively correlated with deadwood vol-
ume (Rosenvald et al., 2011; Felton et al., 2021), although the sup-
pressive effect of thinning from below on deadwood formation was not
addressed. Two studies found similar densities of cavity nesters in
spruce-dominated and birch-dominated forests (Rosenvald et al., 2011;
Felton et al.,, 2021). However, cavity density was higher in
aspen-dominated than birch-dominated forests (Remm et al., 2006).
Thus, an increasing share of aspens rather than birches within
conifer-dominated forests would probably be more beneficial. In a North
American study, the density of both excavators and secondary nesters
increased with the share of aspen (Trzcinski et al., 2022). It is possible
that an increasing share of broadleaved trees benefits cavity nesters only
when that includes low-vitality or dead trees, as healthy broadleaved
trees may be unsuitable for cavity formation.

Forest management may affect the densities of cavities and cavity
nesters also through its effects on food supply to cavity nesters. Un-
managed forests can provide better food resources for excavators
(Pettersson et al., 1995; Lohmus et al., 2010; Czeszczewik et al., 2013).
All excavators and many secondary nesters are winter residents. Thus,
their survival rate is largely dictated by food supply in winter, when
resources are at their lowest (Pettersson et al., 1995; Lindén et al., 2011;
Lehikoinen et al., 2024). Smaller populations of excavators in managed
forests due to smaller food supplies would also lead to a lower cavity
production rate. Thus, lower densities of cavities and cavity nesters in
managed forests could be due to both smaller food supplies and low
availability of trees suitable for excavation.

5.4. Improving cavity availability in managed forests

Installing artificial nest boxes that mimic tree cavities increases the
amount of nesting sites for secondary cavity nesters, and thus may lead
to larger populations (Poysa and Poysa, 2002; Lohmus and Remm, 2005;
Mand et al., 2009). There are, however, practical difficulties in
conserving cavity-associated diversity with nest boxes. Nest boxes may
require continuous maintenance, and once they become too degraded,
they eventually need to be replaced. Additionally, conservation of cavity
nesters would require supplying a variety of different types of nest boxes
because of varied nest site requirements (e.g., entrance size and internal
dimensions). Excavators do not use nest boxes, and some secondary
nesters also avoid them (Lohmus and Remm 2005). Therefore, nest
boxes cannot support all cavity-associated diversity, and their applica-
tion for conservation in large areas may be impractical.

In retention forestry, a portion of trees is left unharvested. Retention
forestry has been applied widely in boreal Europe and elsewhere since
the 1990’s (Gustafsson et al., 2012; Kuuluvainen et al., 2019). Retaining
cavity-bearing trees and trees with high potential for later cavity for-
mation could improve cavity availability in managed forests (Gibbons
and Lindenmayer, 1996). The main challenge is that the tendency in
retention forestry is that only a marginal portion of trees is retained
(Gibbons and Lindenmayer, 1996; Kuuluvainen et al., 2019). Currently
applied retention levels are unlikely to maintain cavity nester pop-
ulations (Soderstrom, 2009). However, tree retention may be a
cost-effective method for improving cavity availability if tree species
with central roles in cavity dynamics are targeted (Drever and Martin,
2010; Cooke and Hannon, 2011; Andersson et al., 2018).

In a Swedish study, cavity density in clearcut sites with retained trees
was one sixth of that in old-growth forests (Andersson et al., 2018).
Cavity density on clearcut sites may be assumed to be strongly corre-
lated with the number of retained trees, but is also affected by their
species identity. Higher cavity density is expected when aspens and
standing dead trees are retained (Andersson et al., 2018). Some species
such as the black woodpecker readily nest in clearcut sites with retention
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Table 4
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An overview of the expected positive effects of various management adjustments on cavity formation. Assessed effects include those on the frequency of tree types
important to cavity formation, and excavation rate by the groups of excavators delineated in Fig. 2. ‘++ indicates an expected positive effect. ‘+’ indicates a partial or
context-dependent positive effect. Under continuous cover forestry, ‘(+)’ indicates a potential positive effect through a better food supply.

Natural regeneration Lower thinning intensity

Increased rotation length Retention forestry Continuous cover forestry

Large, senescent trees

Broadleaved trees ++ +
Dead and dying trees 44
Softened-wood-excavators ++ 4
Aspen-pine-excavators ++ +
Spruce-excavator +

+ ++
+

+

+ +)
++ +)
+

+ 4+ o+ +

trees (Zawadzki and Stawski, 2023). Yet, cavity occupancy was lower in
clearcut sites with retention trees than in uncut forests (23 % and 34 %,
respectively; Carlson, 1994). Several species nested much less frequently
in clearcut sites, where most nesting occurred within 50 m of uncut
forest (Carlson, 1994). Regardless, cavity-nesting birds were observed
more frequently in young forests with retention trees in comparison to
similar stands without retention trees (Lindbladh et al., 2022), and their
frequency increased with the number of retained trees (Soderstrom,
2009). Increased shelter from retention trees may have made birds less
fearful of venturing into clearcut sites. More detailed studies on nesting
(Carlson, 1994) and cavity occurrence (Andersson et al., 2018) are
needed to understand the value of retention trees for cavity dynamics.

The creation of high stumps (or artificial snags) during harvests by
removing the top but leaving the lowest few meters of the trunk intact is
nowadays a common practice in boreal Europe. North American studies
indicate that this practice is beneficial to cavity-nesting birds as cavity
formation is frequent in high stumps (Walter and Maguire, 2005).
However, excavators and secondary nesters appear to find high stumps
usable only temporarily (Barry et al., 2018). It is unknown how readily
birds in boreal Europe utilize high stumps. A Swedish study showed
lower cavity occurrence in high stumps than in intact standing dead
trees (Andersson et al., 2018).

Continuous cover forestry (i.e., uneven-aged management) based on
recurrent thinning from above is an alternative to traditional rotation
forestry that is based on cycles of planting, thinning from below, and
clearcutting (Rautio et al., 2025). It is often portrayed as a more benign
system for biodiversity. Gap cutting and thinning from above did not
affect the occurrence of cavity-nesting birds (Versluijs et al., 2017;
Versluijs et al., 2020). Therefore, the application of the harvesting
methods of continuous cover forestry seems to not affect cavity nesters
negatively. However, transitioning to cover continuous forestry does not
ensure the preservation of species that require dead or large living trees
(Koivula et al., 2025). Similarly, continuous cover forestry probably
does not enable higher cavity availability in comparison to rotation
forestry if the provision of trees suitable for cavity excavation is not
given consideration. Thus, ensuring cavity availability in continuous
cover forestry most likely requires the integration of retention practices.
However, continuous cover forestry is a potentially favorable alternative
to even-aged forestry for maintaining the food supplies of excavators
(Lindén et al., 2011; Lehikoinen et al., 2024).

6. Conclusions and management recommendations

Excavators present in boreal Europe have different preferences for
the types of trees used for excavation. Overall, aspen is the most favored
tree species, and most excavators preferentially or almost exclusively
excavate dead or low-vitality trees. Based on the published studies,
cavity formation is suppressed by timber-production oriented forest
management. Across studies conducted in boreal Europe, the density of
cavities or populations of cavity-nesting birds was 1.7—4 times higher in
unmanaged than in managed forests. This effect is most prominent in the
youngest and the most intensively managed forests where cavities are
nearly absent. Assuming that the numbers of standing dead and low-
vitality trees are low in managed forests, the capacity of the great

spotted and black woodpeckers to excavate healthy trees may be crucial.

We addressed only quantitative differences in cavities in managed
and unmanaged forests, but there may also be relevant qualitative dif-
ferences, e.g. by cavities in conifer snags being particularly abundant in
some types of unmanaged forests (Walankiewicz et al., 2014). There are
still important knowledge gaps regarding the relations between forest
structure and the dynamics of cavities and cavity nester populations.
Obtaining precise and reliable information may be very laborious,
requiring several years of monitoring over large areas (e.g., Trczinski
et al., 2022; Pakkala et al., 2024).

To improve cavity availability in managed forests, based on the
observed cavity patterns and excavator densities, several management
options appear potentially applicable and useful (Table 4):

Regeneration practices should be adjusted to ensure a larger share of
broadleaved trees.

Thinning intensity should be kept low enough to ensure the presence
of low-vitality or standing dead trees.

Rotation lengths should be increased for a higher frequency of se-
nescent and sufficiently large trees.

Retention forestry should be implemented in a way that the amount
and tree species identity of retained trees are appropriate for main-
taining the availability of trees suitable for excavation.
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