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*  We analyzed the habitat associations of 231 nationally red-listed epiphytic lichen species in
Finland.

»  Their habitat associations were varying, but deciduous trees, old forests and trees, and micro-
climates with intermediate or high light availability and humidity were particularly important.

*  The maintenance of the habitats of many red-listed epiphytic lichens is difficult if not impos-
sible to combine with intensive forest management.

The Finnish red list shows that the epiphytic lichen flora of Finnish forests is highly threatened
and declining steeply. Red lists provide limited information on the habitat associations of threat-
ened species, which could be relevant in informing management and conservation measures. We
used documented empirical data and expert assessments to determine for each red-listed (IUCN
categories Near Threatened, NT; Vulnerable, VU; Endangered, EN; Critically Endangered, CR;
Regionally Extinct, RE) epiphytic lichen species of Finland the following key habitat associations:
host tree species, substrate type, habitat type, geographical distribution, preferred microclimate,
and minimum required forest and tree age. The most important host tree species were Picea abies
(L.) H. Karst. and Populus tremula L. Other tree species of high importance included Sorbus aucu-
paria L. and Salix caprea L. One fourth of red-listed epiphytic lichens were primarily lignicolous.
Most species required old-growth forests (required by 41% of species) or old trees (52%), but
many species required only mature forests (36%) or trees (35%). The microclimatic preferences of
most red-listed epiphytic lichens consisted of high or intermediate light availability and humidity.
Most species whose status had deteriorated were dependent on deciduous trees. The continuous
availability of old deciduous trees (especially Populus, Salix and Sorbus) requires special attention
in both managed and protected forests. Red-listed epiphytic lichens would be aided by increased
forest protection or transitioning to less intensive management regimes.
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1 Introduction

Epiphytic lichens, i.e. lichens that grow commensally on the surface of trees or other plants, are
a highly diverse and ecologically distinctive component of the biotic communities of forest eco-
systems across the globe (Ellis 2012). Epiphytic lichens are often vulnerable to environmental
change, and their decline has been identified in many regions (Nascimbene et al. 2013; Allen et
al. 2019; Tagirdzhanova et al. 2019). The main driver of this decline is habitat loss, particularly of
old-growth forests (Pykaila et al. 2019; Allen et al. 2019). Lichen diversity has been or is expected
to be negatively affected also by other drivers such as pollution and climate change (Hawksworth
and Rose 1970; Rubio-Salcedo et al. 2017). The main cause of the decline of epiphytic lichen
diversity in Finland is the shift from natural forests to intensively managed forests. This shift
has occurred over several centuries but accelerated in the 1950’s when forest use intensified. The
silvicultural system that has been in use in Finland since then mostly corresponds to “intensive
even-aged forestry”, sometimes with elements of “combined objective forestry”, as described by
Duncker et al. (2012). The coverage of old (>150 years) forests in Finland is low at 5.9% of forest
area. The distribution of old forests is heavily skewed towards northern Finland, as only 1.7% of
forest area in southern Finland consists of old forests (Monkkonen et al. 2022). Forest management
has resulted in profound structural changes in Finnish forests, including the loss of old-growth
structures and significant reductions in deadwood volume and in the proportion of deciduous trees.
Consequently, there have been drastic changes in the biotic communities of forests (Esseen et al.
1997; Kuuluvainen 2009; Hyvirinen et al. 2019; Monkkonen et al. 2022).

Red lists provide systematic global or national overviews of the conservation status of spe-
cies and the threats that they face. National red lists apply the IUCN red list categories and criteria
(Mace et al. 2008) to assess the extinction risks of species at the national level. The Finnish red
list was most recently compiled in 2019 (Hyvarinen et al. 2019). The status of 1944 lichen taxa
from the 2003 lichen taxa known from Finland at the time was assessed, although roughly a fifth
of lichen species were assessed as Data Deficient (DD). Concerning species with forests as their
primary habitat, lichens are the organism group with the highest proportion of nationally threat-
ened (categories Vulnerable, VU; Endangered, EN; Critically Endangered, CR) species at 23.7%.
Altogether, 58.3% of lichen species with forests as their primary habitat are red-listed in Finland.
Furthermore, the status of lichens is rapidly deteriorating: 51 forest lichen species had a genuine
negative threat category change in the 2019 assessment (Hyvérinen et al. 2019). A genuine negative
category change means that the status of a species has deteriorated since the previous assessment,
and the category change is not due to changes in data accuracy, methodology or interpretation
(IUCN 2022). The Finnish red list reveals scarce information on species-specific habitat associa-
tions that may be shared among threatened species. Such information is valuable, as it can improve
the understanding of the causes of threat and the possible conservation or management actions that
are needed to reduce the extinction risk of threatened species.

The habitat associations of red-listed forest species of Finland have previously been examined
by Tikkanen et al. (2006), based on the red list assessment published in 2000. They highlighted that
red-listed forest species are associated with highly varied habitats, but half of them were associ-
ated with old-growth forests, 60% with deadwood and 60% with coniferous trees. However, in
the case of lichens, more species were associated with deciduous trees than with coniferous trees.
Furthermore, a much lower proportion of lichen species were associated with deadwood (Tik-
kanen et al. 2006). Deciduous trees have been noted to be preferential host species also for most
red-listed epiphytic lichens in Estonia (Marmor et al. 2017). The red list publication itself also
highlights the importance of old deciduous trees (Pykila et al. 2019). After the study by Tikkanen
et al. (2006), the data available for red list assessments and the coverage of assessed species have
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improved considerably. Furthermore, Tikkanen et al. (2006) spared little attention to lichens as
they mainly focused on saproxylic beetles and fungi. The high proportion of threatened species
among epiphytic lichens and the strongly negative trend in their threat status development demands
special attention to be directed towards epiphytic lichens.

This study aims to provide an overview of the current knowledge of the habitat associations
of red-listed epiphytic lichens in Finland. We seek patterns behind the endangerment of epiphytic
lichens by using expert assessments and data associated with species records to determine key
habitat associations of the epiphytic lichen species that are red-listed in Finland in the 2019 assess-
ment. We analyze the associations of red-listed epiphytic lichens with habitat type, forest age,
tree age, microclimate and tree species. Additionally, we examine the proportions of corticolous
versus lignicolous red-listed species and of species with different types of geographical distribu-
tions within Finland. We pay special attention to species that have undergone a genuine negative
category change. Our goal is to draw attention to threatened epiphytic lichens and to reveal both
details as well as general patterns in their ecology, which may be used as a base for ecologically
informed and efficient management and conservation measures.

2 Materials and methods
2.1 Data acquisition

In this study, we used three types of data. First, we used some basic information such as the names of
the species on the Finnish red list, their [IUCN categories and category changes that is openly available
at The Web Service of the Red List of Finnish Species (https://punainenkirja.laji.fi/en). Second, we
used habitat information included in species records. We utilized the species records in the database
that was used for the national red list assessments of lichens. This database is not public, but most
of these records, although often with reduced information e.g. on host species, are accessible at the
Finnish Biodiversity Info Facility (https://laji.fi/en). Third, we used expert assessments (by authors
JP and KJ) to define some of the habitat associations that could not be defined properly using species
records alone. The expert assessments were based on several decades of field work, and they utilized
the highest level of knowledge on these species that is available in Finland. To reduce the risks of
uncertainty and misclassifications, the assessments were done on a coarse level (Table 1). Lichen
nomenclature followed the red list publication (Pykala et al. 2019). We also provided up-to-date
species names following the checklist of Finnish lichens from the year 2021 (Pykéla et al. 2022).

In the Finnish red list, lichens are grouped together with lichen-allied fungi which include
lichenicolous fungi and morphologically lichen-like saprotrophic fungi that have traditionally been
studied by lichenologists. Out of the 2003 assessed species of lichens and lichen-allied fungi, 291
were lichen-allied fungi. Lichen-allied fungi were included in this study, but in this text, lichens
and lichen-allied fungi are collectively referred to as lichens for the sake of brevity.

We compiled a list of all red-listed (IUCN categories Near Threatened, NT; Vulnerable, VU;
Endangered, EN; Critically Endangered, CR; Regionally Extinct, RE) Finnish species of lichens that
utilize trees or wood as their primary substrate, i.e. species that are epiphytic. Species in the category
DD (Data Deficient) were excluded, because most of these species were too poorly known to make
an adequate assessment of their habitat associations. For the same reason, we excluded all species in
any category with 5 or less records in the database from the analyses. We also delineated a subset that
included the species that had undergone a negative genuine category change either in the assessment
of 2010 (Rassi et al. 2010) or 2019 (Hyvirinen et al. 2019). Both assessments were included in order
to obtain a larger pool of species that have been observed to decline in the recent past.
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Table 1. The attributes we used to describe the habitat associations of red-listed epiphytic lichens in Finland, the sourc-
es of information for the attributes, their categorization and the method of assigning the categories to lichen species.

Source of Attribute Categories Method
information
Species Primary host tree  Finnish tree species Tree species with the most records of the
records species lichen species
Secondary host  Finnish tree species Up to three tree species with a consider-
tree species able amount of records of the lichen
species
Substrate Corticolous, Lignicolous, The substrate with the most records of the
Lichenicolous lichen species
Distribution Hemiboreal, Southern, Northern, See text

Wide latitudinal range

Expert Habitat type The classification in the Finnish red list Preferred conditions
assessments (Hyviérinen et al. 2019)
Forest age Young (<60 yrs), Mature (60—120 yrs), Minimum age class required by the lichen
Old (>120 yrs), Indifferent species
Tree age Young (<60 yrs), Mature (60—120 yrs), Minimum age class required by the lichen
Old (>120 yrs) species
Humidity Dry, Intermediate, Humid Preferred conditions
Light availability Low, Intermediate, High Preferred conditions

2.2 Assignment and classification of habitat associations

We defined primary and secondary habitat types, primary and secondary host tree species, substrate
type, the minimum age class of host forest and host tree, preferential microclimate and geographi-
cal distribution for each nationally red-listed epiphytic lichen species with a sufficient number of
records in Finland. We examined species records to define primary and secondary host tree spe-
cies, primary substrate and geographical distribution of the red-listed epiphytic lichens. We used
expert assessments to define preferred habitat types and microclimatic conditions (humidity and
light availability), and the minimum required forest age and tree age (Table 1). The tree species
with the most records of a given lichen species was assigned as the primary host. Similarly, up
to three tree species that were next in the ranking in the number of records of the lichen species
were assigned as secondary hosts, if the records were clearly not only sporadic. If the primary
substrate of a lichen species was not trees (wooden structures or non-tree plants), no primary
host tree species was assigned. If a primary host for a species could not be distinguished because
records were evenly distributed between several tree species, no primary host was assigned, and up
to three most common hosts were assigned as secondary hosts. The thresholds of the age classes
were set on the basis that “old” (>120 years) ages are not covered by standard forest management
in Finland, “mature” (60—120 years) ages are covered to a limited but varying extent by forest
management as rotation lengths vary by latitude and site fertility, and “young” (<60 years) ages
are fully covered by forest management. The forest habitat type classification of the Finnish red
list divides forests into xeric, mesic and herb-rich forests, following the classification by Cajander
(1949). In the case of lichens, this forest categorization was utilized sparingly, and in this study
we narrowed the preferential forest habitat types of red-listed epiphytic lichens down to xeric,
mesic and herb-rich forests based on expert assessments. Aside from the increased detail in the
classification of forest types, the habitat types of species are derived directly from the Finnish red
list (https://punainenkirja.laji.fi/en).
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Due to a lack of data, classifications regarding microclimate (humidity and light availability)
are not based on objective measurements, but on inference from stand structure, topography and
hydrological conditions. Levels of humidity and light availability were split into three categories
which aimed to cover a similar portion of the gradients in these variables. Examples of habitats
with specific types of microclimates include dense spruce stands for low light availability and
high humidity; dense pine stands, sparse spruce stands and many edge habitats for intermediate
conditions; sparse pine stands and clearcuts or other sites of major disturbance and for high light
availability and low humidity. The inferred levels of humidity and light availability are often cor-
related, but we also recognized some situations where we considered this not to be the case. These
include old-growth spruce stands with canopy gaps, where light availability is higher but humidity
may be maintained, and stands near bodies of water where both humidity and light availability
may be high.

The distribution of a species was considered as northern, if it had been observed only in the
biogeographical region of Kainuu and/or to the north of it; southern, if it had been observed only
in Kainuu and/or to the south of it; hemiboreal, if it had been observed only in the biogeographical
regions of Ahvenanmaa, Varsinais-Suomi and/or Uusimaa. Species that occurred both to the south
and north of Kainuu were considered to have a wide latitudinal range. In the few cases where a spe-
cies had been observed only in Kainuu, the species was considered to have a wide latitudinal range.

In all the classifications, we used the category “unknown” if there was an insufficient amount
of data available or if we were unable to reach an adequate level of reliability with the expert assess-
ments. When there were only a few records of a species from Finland, in some cases we were able
to rely on information from neighboring countries to make adequately reliable assessments of the
habitat associations of such species. This was done only when the information from neighboring
countries was congruent with the limited data from Finland.

3 Results

The most recent published red list of Finland (Hyvérinen et al. 2019) included 308 epiphytic lichen
species in the categories NT, VU, EN, CR and RE. Out of these, 231 species had been observed
frequently enough to be included in the analyses. In addition, there were approximately 107 species
of epiphytic lichens classified as Data Deficient (DD) (Supplementary file S1, available at https://
doi.org/10.14214/st.22019). Out of these 231 species, 28 were lichen-allied fungi and 203 were
lichens. The number of analyzed species per [IUCN category were 100, 81, 31, 15 and 4 for NT, VU,
EN, CR and RE, respectively. The number of species excluded from the analyses due to infrequent
records per IUCN category were 7, 16, 15, 14 and 25 for NT, VU, EN, CR and RE, respectively.

Several tree species were primary or secondary hosts to red-listed lichens but there were also
major differences in the number of lichens hosted (Fig. 1). Overall, 66.7% of red-listed epiphytic
lichen species for which we assigned a primary host were primarily hosted by deciduous trees.
However, the most important host to red-listed lichens was the coniferous Picea abies (L.) H. Karst.
Populus tremula L. was the second most important host. The number of species hosted by a tree
species was related to the total volume of the tree species in Finland (Fig. 2). The residuals of each
tree species in this correlative comparison may be interpreted as an indicator of how the importance
of the tree species differs from what may be expected based on its total volume in Finland, so
that positive residuals suggest that the species has higher importance than expected from its total
volume, and negative residuals suggest the opposite. Picea abies and Populus tremula have the
highest positive residuals. Other tree species with a combination of a positive residual and a high
number of hosted species are Sorbus aucuparia L. and, to a lesser extent, Salix caprea L. (Table 2).
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Fig. 1. The number of primarily (black bars) and secondarily (grey bars) hosted
red-listed epiphytic lichen species hosted by different tree species in Finland. The
species that have undergone a genuine negative threat category change are repre-
sented by the white bars. The white bars (species that have undergone a negative
category change) are a subset of the black bars (primarily hosted species). Primary
host could not be assigned to 21 species (see Methods section).
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Fig. 2. The relation of the number of red-listed epiphytic lichens hosted primarily or secondarily by a tree species to the
total volume of the tree species in Finland (total volumes of tree species from NFI data, Korhonen et al. 2021a). Note
that the x-axis is logarithmic. The regression line represents the expected number of primarily hosted species based on
the total volume of a tree species.

The majority of red-listed epiphytic lichens were corticolous, i.e. growing on the bark of
mainly living trees. Lignicolous species, i.e. growing on the wood of mainly dead trees, accounted
for a quarter of red-listed epiphytic lichens. The remaining 10 species were lichenicolous (Table 3a).
These species were fungi that are parasitic on lichens, and they are a part of the group of lichen-allied
fungi. Standing deadwood was preferred by a higher number of species than downed deadwood. In
addition, wooden structures were the preferred substrate for some lignicolous species (Table 3b).
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Table 2. The residuals (i.e. the distance from the
regression line) of each tree species in Fig. 2. The
residuals originate from a linear regression where
the number of red-listed epiphytic lichens hosted
primarily or secondarily by a tree species was the
dependent variable, and the total volume of the tree
species in Finland was the independent variable. The
regression line (i.e. residual value 0) represents the
expected number of primarily hosted species based
on the total volume of a tree species, and positive re-
siduals indicate that the tree species hosts more red-
listed epiphytic lichen species than expected from
its total volume in Finland, while negative residuals
indicate the opposite.

Tree species Residual
Populus 20.70
Picea 18.95
Sorbus 14.23
Quercus 5.64
Ulmus 5.52
Salix 5.07
Fraxinus 4.09
Acer 0.35
Corylus —1.88
Betula -2.26
Tilia -2.94
Alnus incana —-14.01
Juniperus -15.11
Pinus -15.51
Alnus glutinosa -22.84

Table 3. The number of red-listed epiphytic lichens and epiphytic lichen species that have
undergone a genuine negative threat category change in Finland by a) primary substrate type,
b) primary deadwood type (lignicolous species), ¢) geographical distribution. One species had
resin as its substrate, and it is not included in a).

Number % No. of category %
of species change species
a) Substrate
Corticolous 163 70.6 56 77.8
Lignicolous 57 24.7 15 20.8
Lichenicolous 10 43 1 1.4
b) Deadwood type
Downed 19 333 3 20.0
Standing 28 49.1 10 66.7
Wooden structures 9 15.8 2 13.3
Unknown 1 1.8 0 0.0
¢) Distribution
Hemiboreal 24 10.4 4 5.6
Southern 71 30.7 17 23.6
Northern 11 4.8 4 5.6
Wide range 125 54.1 47 65.3




Silva Fennica vol. 57 no. 1 article id 22019 - Nirhamo et al. - Habitat associations of red-listed epiphytic lichens ...

. 133
Mesic forests

Herb-rich forests

Xeric forests

Shore habitats

Buildings

Parks

Wooded pastures

Mires

Alpine habitats Bl Primary
[0 Secondary

0 50 100 150
Number of red-listed
epiphytic lichen species

Fig. 3. The number of red-listed epiphytic lichen species by primary (black bars)
and secondary (grey bars) habitat types.

Mesic forests were the preferred habitat type for more than half (57.6% of analyzed species)
of red-listed epiphytic lichens. Herb-rich forests also harbored a high number of species (23.4%).
Much fewer species (8.2%) preferred xeric forests. In total, 25 species preferred habitat types
that are not considered forests in the habitat type classification of the Finnish red list. These were
mostly classified as shore habitats (forests on the shores of streams, lakes or the sea), mire habitats
(wooded mires) and rural biotopes (wooded agricultural land). Only parks and buildings with a
total of 11 species are strictly non-forest habitat types (Fig. 3).

Most red-listed epiphytic lichens required either old-growth forests (41.1% of analyzed
species) or mature forests (36.3%). Very few species (3.0%) were inhabitants of young forests.
Additionally, we considered some species (16.0%) to be indifferent to forest age. Old trees were
required by a larger portion of species (51.5%) than old forests. The minimum required tree age
class was mature for many species (35.1%) and young for some species (9.5%) (Fig. 4).
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Fig. 4. The number of red-listed epiphytic lichens by minimum age class requirement concerning forest age (black bars)
and tree age (grey bars), and the number of species that have undergone a genuine negative threat category change
(white bars) by forest and tree age class. Forest age and tree age were not applicable to two species (one of them had
undergone a category change) that have been observed only on wooden structures in Finland.

Very few red-listed epiphytic lichens (3.9% of analyzed species) preferred a dry micro-
climate. Most species preferred intermediate (52.8%) or high humidity (37.6%). Most red-listed
epiphytic lichens (57.1%) preferred intermediate light availability, while also high light availability
was preferred by many (31.2%), and low light availability by some (8.7%). When preferences for
both humidity and light availability were examined together, most species (80.5%) preferred some
combination of intermediate or high humidity and light availability (Table 4).

Most red-listed epiphytic lichens had a wide latitudinal range. Species with a southern
or a hemiboreal distribution were much more numerous than those with a northern distribution
(Table 3c).

A total of 73 epiphytic lichen species underwent a negative genuine category change in the
assessments of 2010 or 2019, so that 18, 44 and 11 species had a category change in the assessment

10
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Table 4. The number of a) red-listed epiphytic lichens, b) species that have undergone
a genuine negative threat category change, with various microclimatic preferences con-
cerning light availability (vertical) and humidity (horizontal).

a) Dry Intermediate Humid Unknown

High 9 33 24 6 72

Intermediate 0 82 47 3 132

Low 0 7 13 0 20

Unknown 0 0 3 4 7
9 122 87 13

b) Dry Intermediate Humid Unknown

High 2 11 4 0 16

Intermediate 0 39 10 1 48

Low 0 2 3 0 5

Unknown 0 0 0 0 0
2 50 17 1

of 2010, 2019, or both assessments, respectively. One of them was excluded from the analyses
due to infrequent records. A higher percentage of species hosted by deciduous tree species with
a wide range within Finland had undergone a genuine negative category change than of those
hosted by coniferous tree species or the deciduous tree species restricted to the hemiboreal zone
(Fig. 1). There were species preferring each age class among the species that had undergone a
genuine negative category change, but species preferring mature age classes were the most numer-
ous by a slight margin over the old age classes (Fig. 4). Species that had undergone a category
change mostly preferred intermediate humidity and light availability; the percentage of species
that preferred high humidity or high light availability was lower here, than among the total sum
of red-listed epiphytic lichens (Table 4).

4 Discussion

Parts of our study were based on expert assessments, which is a method that includes uncertainty
and subjectivity. To complete our study objectives, expert assessments were the only viable option
since extensive, objective data is missing for many of the habitat associations we analyzed for
most of the analyzed species. We excluded species with infrequent records from the analyses to
limit the level of uncertainty in the assessments of habitat associations. We did, however, complete
the habitat association assessments also for these species. Including these species in the analyses
would have had very little impact on the conclusions to be drawn from the results. This reaffirms
our view that when the sum of all species was analyzed, the uncertainties at the level of individual
species were diminished, and that the assessments made in this study were adequately reliable in
relation to our study objectives.

4.1 Tree species
Several tree species were primary or secondary hosts to a noteworthy amount of red-listed lichen

species, even though there were clear differences between tree species in the number of hosted red-
listed lichens. Tree species may differ as lichen hosts due to differences related to bark chemistry

11
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(e.g. pH), bark texture and structure, age span, decay dynamics, habitat specialization, successional
niches and geographical distribution (Kuusinen 1996; Ellis 2012).

The number of red-listed lichens primarily or secondarily hosted by a tree species was
explained to a large extent by the total volume of the tree species in Finland. This is partially
a consequence of the procedure we used to assign primary and secondary hosts, which favored
common tree species. We assigned the primary host of a lichen species to be the tree species
with the highest number of records of the lichen species. A less common tree species could
have been a more favorable host to a given lichen species but not be assigned as its primary
or even secondary host, because the species had been recorded more often on more common
trees. Therefore, these results do not indicate the ability of various tree species to host red-listed
lichens, rather, they indicate the realized relative importance of tree species as hosts of red-listed
lichens in Finland.

Both the numbers of hosted species and the residuals from the expected number of hosted
species based on total volume suggest that the most important host tree species for red-listed
epiphytic lichens in Finland are Picea abies and Populus tremula. Some red-listed lichens are
supported by the branches of Picea abies (e.g. Alectoria sarmentosa (Ach.) Ach., Evernia divari-
cata (L.) Ach.), and other Finnish tree species do not have similarly lichen-bearing branches.
Additionally, deadwood originating from Picea abies is favorable to many lignicolous species.
Populus tremula is commonly acknowledged as a key species in boreal Fennoscandia since it
provides habitat for a wide variety of specialized associated species (Kivinen et al. 2020). Popu-
lus tremula has a relatively high bark pH, which is the main mechanism that differentiates it as a
lichen host from the three dominant species of the region (Picea abies, Pinus sylvestris L., Betula
spp.) (Kuusinen 1996).

The number of species hosted by Sorbus aucuparia and, to a lesser extent, Salix caprea, was
rather high in absolute terms and high in relation to their total volume in Finland. Salix caprea is
often mentioned along with Populus tremula as an important host to lichens (Kuusinen 1996; Esseen
etal. 1997). In contrast, the value of Sorbus aucuparia as a host of lichens of conservation concern
is highly overlooked (but see Pykéla et al. 2006). Both of these tree species have a relatively high
bark pH and they often were secondary hosts to lichen species primarily hosted by Populus tremula
(e.g. Lobaria pulmonaria (L.) Hoffm. and other cyanolichens). However, Sorbus aucuparia has
a distinguishing feature in its smooth bark, which appears to be preferred or required by several
red-listed species. These species were typically shared by Sorbus aucuparia and Alnus incana,
another tree species with smooth bark. Additionally, while individual deciduous tree species that
mainly occur the hemiboreal zone (Quercus robur L., Acer platanoides L., Fraxinus excelsior L.,
Tilia cordata Mill., Ulmus spp.) were not among the most important hosts of red-listed lichens, as
a group they were highly important, despite their minuscule total volume in Finland.

Pinus sylvestris, the most common tree species in Finland, hosted few red-listed lichens
in relation to its total volume. Pinus sylvestris hosted few corticolous lichens (see also Kuusinen
1996), but it was the primary host to a higher number of lignicolous lichens than any other tree
species: 24 out of 30 species hosted primarily by Pinus sylvestris were primarily lignicolous. Pinus
sylvestris provides hard wooden substrates with immense longevity (Niemeld et al. 2002) which
is favorable to many lignicolous lichens (Santaniello et al. 2017). Picea abies also hosted a high
number of lignicolous species, whereas only a few lignicolous species were hosted primarily by
deciduous trees. The slower decomposition rate and thus higher longevity of coniferous wood
compared to deciduous wood (Mékinen et al. 2006) is most likely the main reason why coniferous
wood is a more suitable substrate for lignicolous lichens.

The host specificity of epiphytic lichens is usually low (Schmitt and Slack 1990; Caceres
et al. 2007; Rosabal et al. 2013), although it may be higher in Fennoscandia, where tree species
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richness is low. About one out of three species exhibited a distinct preference to a certain tree spe-
cies and were not assigned any secondary host species. Most of them had still been recorded on
more than one tree species. As such, our study indicates that strict host specificity is rare among
red-listed epiphytic lichens of Finland, although affiliations with certain tree species are abundantly
clear (Kuusinen 1996).

4.2 Habitat types

About 40% of red-listed forest species in Finland primarily inhabit herb-rich forests (Hyvirinen
et al. 2019). These include species that are dependent on hemiboreal tree species (e.g. saproxylic
organisms and herbivorous insects) or fertile soils (vascular plants and mycorrhizal fungi), which
are red-listed mainly because of the scarcity of herb-rich forests in Finland. Only 25% of red-
listed epiphytic lichens inhabited herb-rich forests. The faster turnover of trees in some types of
herb-rich forests may disfavor lichens that generally prefer slower habitat dynamics. Additionally,
herb-rich forests may have a higher level of shade due to lusher vegetation. However, herb-rich
forests are often abundant in deciduous trees, which may be favorable for epiphytic lichen diversity.
Especially hemiboreal tree species (Quercus, Acer, Fraxinus etc.) are associated with herb-rich
forests in Finland. Our results show a stark contrast between xeric and mesic forests in the richness
of red-listed epiphytic lichens. The main reason for this is the low tree species diversity of xeric
forests, as it is the primary habitat type only for Pinus sylvestris. All other tree species primarily
inhabit mesic or herb-rich forests.

Parks and the artificial substrates of buildings and other structures were primary habitat types
for few but secondary for many red-listed epiphytic lichens. Parks typically have old trees, but
their removal for safety reasons (Terho and Hallaksela 2008) limits their availability for lichens.
Furthermore, because of nitrogen deposition and the legacy effects of historic sulphur deposition
(Llewelyn et al. 2020), red-listed lichens are very scarce in parks. Urban forests have been shown
to be valuable habitats e.g. for polypores (Korhonen et al. 2021b), but air pollution most likely
diminishes the value of urban forests for lichens.

Some lichen species had been observed mostly or exclusively on wooden structures in Fin-
land (see also Svensson et al. 2005). We presume that their natural substrate would be the hard,
long-lasting lignum of Pinus sylvestris. However, such substrates (i.e. kelo trees) have been all
but eradicated from most of Finland, especially in the southern parts (Niemel et al. 2002). Thus,
these species have been able to persist only on wooden structures such as old barns, sheds etc.,
which have also been vanishing in the past decades.

4.3 Forest and tree age

We found that 41% of red-listed epiphytic lichens of Finland require old-growth forests. The number
of species that require mature forests was only slightly lower. Importantly, for forest and tree age
we determined the minimum required age class of species rather than their preferred conditions.
As such, it should be noted that it is possible for species that require mature forests to be present in
old-growth forests, but not vice versa. Species with mature forests as their minimum required age
class may even prefer old-growth forests over mature forests. The requirements on forest or tree
age were related to host tree preferences: the lichens with coniferous trees as primary hosts were
classified as requiring old-growth forests or trees much more often than the lichens with deciduous
trees as primary hosts. There could be two explanations for this. Firstly, managed forests typically
cover, at least partially, the ages that we defined as mature, but not those we defined as old. Thus,
managed forests could be able to support lichens that require mature coniferous trees but struggle
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to support lichens that require mature deciduous trees, since they tend to be scarce in managed
forests (Siitonen et al. 2000). Secondly, some deciduous tree species (e.g. Populus tremula) have
a limited presence in old-growth forests (Lilja et al. 2006). Thus, many lichens that prefer these
tree species are associated with mature forests instead, where their preferred host species are more
likely to be present.

Tikkanen et al. (2006) highlighted that apart from old-growth forests, also earlier successional
stages (i.e. “mature” stands) that are dominated by deciduous trees may be important for red-listed
forest species, which our study agrees with. Unmanaged young and mature forests are typically
dominated by deciduous trees (Angelstam and Kuuluvainen 2004). However, only about 5.6% of
Finnish forests in ages we classified as mature (60—120 yrs) are dominated by deciduous trees (data
from NFI: Korhonen et al. 2021a; see also Monkkoénen et al. 2022), since conifers are favored in
forest management for commercial reasons. A high presence of deciduous trees in young or mature
forests is likely to increase their conservation value, since they are able to provide habitat for a
wider range of red-listed lichens as they develop into high quality habitats over the next decades.

4.4 Microclimate

Epiphytic lichens have widely varied microclimatic preferences (Ellis 2012), but only a few red-
listed species preferred conditions with low humidity or light availability, while intermediate
or high light availability or humidity were predominantly preferred. Lichens require sufficient
humidity (i.e. a hydrated state) and light for photosynthetic activity (Palmqvist 2000). In forests,
these features are typically negatively correlated (Chen et al. 1993; Grimmond et al. 2000). Thus,
the occurrence of many lichens, as indicated by our results, may be dependent on intermediate
conditions where both humidity and light availability are at least moderate (Gauslaa et al. 2006).
Our data suggests that some species prefer an unusual combination of high humidity and high light
availability (see also Nilsson et al. 2022). Our results highlight that dense forests are inhospitable
to many red-listed lichens (see also Gauslaa et al. 2006; Gauslaa et al. 2007; Klein et al. 2020;
Nirhamo et al. 2021). Instead, they require a sufficient availability of light, often in combination
with relatively high humidity.

Forest stocks in Finland have multiplied by 1.7 over the past century (NFI data: Korhonen et
al. 2021a). This is likely to mean that Finnish forests have changed structurally to be denser and to
have a higher canopy cover. Long-term changes in canopy cover have been only scarcely studied, but
it has been shown to have increased between 1959 and 2011 in unmanaged landscapes in northern
Finland (Kulha et al. 2020). Studies have shown that lichen richness is lower in dense stands with
low light availability (Marmor et al. 2012; Klein et al. 2020; Nirhamo et al. 2021). According to
our results, over 80% of red-listed epiphytic lichens prefer high or intermediate light availability.
These species are expected to be negatively affected by high tree density in forests. Thus, increased
tree density of Finnish forests is likely to have contributed to the decline of epiphytic lichens.

4.5 Geographical distribution

The species richness of red-listed epiphytic lichens was much higher in southern than in northern
Finland. This is in line with typical latitudinal diversity gradients where species richness decreases
towards higher latitudes (Hillebrand 2004). Alternatively, southern species could be more likely to
be red-listed because of a longer history of forest management, higher air pollution and a higher
rate of conversion to agricultural land in southern than in northern Finland. Importantly, survey
efforts have been much lower in northern Finland, both historically and recently. Thus, it is very
likely that several rare epiphytic lichens remain undiscovered from northern Finland.
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4.6 Species with a genuine negative threat category change

A high proportion of lichen species with a genuine negative threat category change were hosted by
boreal deciduous trees. Many of these species are affected by the ongoing disappearance of decidu-
ous trees from the remnant old-growth forests of Finland (Hardenbol et al. 2020). This is, on one
hand, a result of natural succession patterns (Lilja et al. 2006), but it is also crucially influenced,
especially on the landscape-scale, by increased herbivory and disturbance regime alterations which
have hindered the recruitment of deciduous trees (Linder et al. 1997; Lankia et al. 2012; Myking
et al. 2013; Komonen et al. 2020). The disappearance of deciduous trees from old-growth forests
leads to local extinctions of lichens that are hosted by these trees (Snéll et al. 2005; Fedrowitz et
al. 2012). On the national level, this has caused significant declines of many lichen species (e.g.
Lobaria pulmonaria and other cyanolichens), which are expected to continue in the next decades.
Additionally, several species hosted by young deciduous trees have undergone a genuine negative
category change. The reasons for this are less clear, but nitrogen deposition is presumed to have
affected the recent decline of these species (Pykala et al. 2019).

Among forest species, lichens appear as a group with an overwhelmingly negative trend
concerning genuine category changes (Hyvérinen et al. 2019). We propose four mechanisms which
could explain the high frequency of genuine negative category changes in lichens in comparison
to other organism groups.

First, lichens seem to be dependent on old deciduous trees more than other organism groups.
Many lichens are associated also with Sorbus aucuparia and Salix caprea, which have e.g. very
few associated or specialized saproxylic species. Thus, lichens could be more heavily affected by
the decline of deciduous trees in old-growth forest reserves.

Second, air pollution is a major cause of threat among red-listed forest lichens, but not
among other forest species (Hyvarinen et al. 2019). The effects of air pollution on epiphytic lichens
are well documented (although poorly quantified in Finland), and lichen populations have been
weakened in the past by sulphur deposition and are negatively affected by nitrogen deposition in
the present day (Hawksworth and Rose 1970; Giordani et al. 2014).

Third, many red-listed epiphytic lichens are dependent on high light availability while most
other red-listed forest species are not. Thus, lichens may be more sensitive to increased tree density
than other organism groups.

Fourth, lichens have exceptionally slow colonization-extinction dynamics (Johansson et
al. 2012; Fedrowitz et al. 2012; Johansson et al. 2013a, Johansson et al. 2018). Slow extinction
dynamics lead to an accumulation of extinction debt. Thus, extinctions of lichen populations in
the present day may be occurring because of environmental changes in the past, after a longer
delay than in many other organism groups (Berglund and Jonsson 2005; Ellis and Coppins 2007;
Johansson et al. 2013b). Additionally, slow colonization dynamics cause lichens to be slow to
respond to management aiming to improve biodiversity. This also contributes to the lack of climate
change-related positive category changes among southern species, which have been numerous e.g.
in Lepidoptera (Hyvirinen et al. 2019).

4.7 Implications for management

The main cause of threat for epiphytic lichens is the loss of old-growth forests (Pykala et al. 2019).
Thus, the protection of remnant old-growth forests is obviously crucial for halting the decline of
red-listed lichens. Currently, protected areas in Finland are heavily skewed towards sites with poor
productivity (comparable to or even less productive than the xeric forests of this study) and northern
Finland (Korhonen et al. 2021a), in accordance with a global bias in the location of protected areas
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towards remote sites with poor productivity (Joppa and Pfaff 2009). The overwhelming majority
of red-listed epiphytic lichens inhabited mesic or herb-rich forests, and a much higher share had
a southern than a northern distribution. This suggests high ineffectiveness of the current network
of protected forests in providing habitat to red-listed epiphytic lichens. Efforts should be taken to
increase the protection of southern high-productivity forests (Hanski 2000).

Our study showed that many red-listed epiphytic lichens are hosted by deciduous tree spe-
cies that seem to not persist indefinitely in protected forests (Linder et al. 1997; Lilja et al. 2006;
Hardenbol et al. 2020). Simultaneously, these lichens often require forest or tree ages that are higher
than those found in managed forests. Thus, the protection of species with these habitat associa-
tions is a great challenge. Indeed, many such species have had a recent genuine negative category
change, indicating that their protection is failing. So that protected areas may support these species
in the long term, they should provide a continuous supply of suitable host trees (Snéll et al. 2005).
This would require securing the recruitment of deciduous trees by reducing browsing pressure and
reintroducing natural disturbance regimes to protected forests (Lankia et al. 2012; Hardenbol et al.
2020). The recruitment of deciduous trees may also be assisted by interventions in the succession
of protected forests (Hamaldinen et al. 2020).

Retention forestry in the managed landscape may compensate for the disappearance of
deciduous trees in protected forests, especially with Populus tremula (Gustafsson et al. 2020).
However, only limited benefits from the current practices of retention forestry to red-listed epiphytic
lichens have been observed in Finland. If lichens of conservation concern are present in pre-harvest
forests, their survival on retained trees is high in the short term, but they may face extinctions in
the longer term (Perhans et al. 2009; Johansson et al. 2018). However, most of the time red-listed
epiphytic lichens are nearly or completely absent from pre-harvest managed forests (Klein et al.
2020; Petersson et al. 2022). Then, colonization of retention trees by lichens of conservation concern
is very rare (Lohmus and Lohmus 2010). For example, a complete failure by Lobaria pulmonaria
to establish onto retained aspens, even when assisted by propagule spraying, has been reported
(Belinchén et al. 2017). The very low average retention level in Finland hinders the capability of
retention forestry to safeguard biodiversity (Kuuluvainen et al. 2019). The high mortality of reten-
tion trees further reduces the effective retention level for epiphytic lichens (LShmus and Lohmus
2010; Rosenvald et al. 2019), which mainly depend on living trees. Furthermore, solitary retention
trees or small groups are eventually strongly shaded by the dense regenerating tree cover, which is
unfavorable for epiphytic lichens. Since current practices of retention forestry seem to be inadequate
in achieving conservation targets, we propose that in addition to increasing strict forest protection,
a transition from current practices towards forest management regimes where ecological ambitions
are comparable in importance to wood production such as “closer-to-nature” (Larsen et al. 2022)
or “natural disturbance-based” (Kuuluvainen et al. 2021) should take place in order to support red-
listed epiphytic lichens. This may even be necessary for the success of lichen conservation due to
the observed struggle of deciduous trees to regenerate in strictly protected forests.

According to Tikkanen et al. (2006), the majority of red-listed forest species in Finland
are dependent on deadwood. Here, only a minority of red-listed epiphytic lichens were primar-
ily lignicolous, and even fewer are strictly dependent on deadwood. Ongoing efforts to increase
deadwood volume in support of saproxylic species will most likely support lignicolous lichens
as well. However, species that are dependent on long-lasting standing deadwood (i.e. kelo trees;
Santaniello et al. 2017) are very likely to require special attention because of the extremely slow
formation of their habitat. In addition, epiphytic lichens are more often associated with decidu-
ous trees than other red-listed forest species (Tikkanen et al. 2006). Thus, epiphytic lichens are
ecologically distinctive from other groups of red-listed forest species. This implies that species
groups require different kinds of habitat management for optimal diversity outcomes (see also
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Klein et al. 2020). Our results indicate that red-listed epiphytic lichens would be supported by
management that maintains a high tree species diversity and high volumes of various deciduous
species, provides high quantities of old living trees preferably located in old forests, and avoids
high forest density. These guidelines are in conflict with the maximization of wood production,
and partially in conflict with the maximization of carbon stocks. As such, the maintenance of the
habitats of many red-listed epiphytic lichens is difficult if not impossible to combine with intensive
forest management. The status of red-listed epiphytic lichens would benefit from increased forest
protection or transitioning to less intensive management regimes. The continuous availability of
old deciduous trees requires special attention in both managed and protected forests.
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