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Highlights
•	 Pendulous lichens successfully colonized seedlings in small gap openings.
•	 Colonization was most successful in the smallest gaps (d = 20 m) and near gap edges.
•	 Higher seedling density and greater seedling height increased the probability of lichen colo-

nization.
•	 Pendulous lichens on adjacent mature trees promoted colonization within gaps.
•	 Small gap cutting can facilitate the coexistence of commercial forestry and reindeer husbandry.

Abstract
In northern Finland, continuous cover forestry (CCF), has been introduced to better reconcile 
multiple land uses, including commercial forestry and reindeer husbandry. We studied how small 
gap cutting, a CCF method, can facilitate the colonization of pendulous lichens (Alectoria sp., 
Bryoria sp., and Usnea sp.), a bottle-neck resource for reindeer (Rangifer tarandus tarandus), into 
harvested areas. To assess the potential for balancing between forestry and reindeer husbandry, we 
investigated the colonization success of pendulous lichen on seedlings within the gaps created ten 
years before onset of our study in a pine-dominated boreal forest in central Finnish Lapland. The 
study included three gap sizes (diameters 20, 40, and 80 m) in xeric and sub-xeric sites, arranged 
in six randomized blocks, with 18 replicates per each gap size. Additionally, we examined the 
influence of gaps on the abundance of pendulous lichens in mature trees in the surrounding forest. 
Our results indicate that pendulous lichens colonized the smallest gaps (d = 20 m) efficiently, 
while colonization success declined as gap size increased. Colonization was strongly associated 
with seedling density, as a higher number of seedlings within gaps increased the probability of 
lichen colonized seedlings. The highest colonization rates occurred near gap edges, with lower 
colonization in the center. Furthermore, seedling height positively influenced colonization, and 
the presence of pendulous lichens on adjacent mature trees enhanced seedling colonization within 
gaps. However, we also observed that gap edges significantly reduced the amount of pendulous 
lichens on mature trees.
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1	 Introduction

In Northern Finland, forestry and reindeer herding have competed for the same space for over a 
century, with periodic conflicts from their overlapping resource use. The primary cause of these 
disputes is that both land use practices rely partly on the same forest resources, and forestry activi-
ties reduce the availability of grazing land of reindeer (Rangifer tarandus tarandus) (Turunen et 
al. 2020). The need for improved forest management practices that reconcile multiple land uses is 
becoming increasingly urgent, especially now when emerging industries, such as energy produc-
tion and tourism intensify land use competition.

The dispute between forestry and reindeer husbandry is partly attributed to forestry practices 
that degrade winter forage sources of reindeer, particularly pendulous lichen (Dettki and Esseen 
1998; Kivinen et al. 2010; Kumpula et al. 2019). Pendulous lichens (genera Alectoria, Bryoria, and 
Usnea) are macrolichens with a hair- or beard-like growth form that predominantly colonize trees 
(Dettki and Esseen 1998; Kivinen et al. 2010; Lommi 2011; Kumpula et al. 2019). The impact of 
forestry on pendulous lichens is problematic because these lichens serve as a bottle-neck resource 
for reindeer during late winter, when deep snow prevent access to ground vegetation (Helle and 
Saastamoinen 1979; Kumpula et al. 2020). Forest rejuvenation following timber harvesting 
negatively affects pendulous lichens, as they typically thrive in old-growth forests (Esseen et al. 
1996; Kuusinen and Siitonen 1998; Peura et al. 2018; Nirhamo et al. 2023). Similar patterns of 
lichen decline due to forest rejuvenation have also been observed in North America (Stevenson 
and Coxson 2003).

Pendulous lichens, like all lichens, are generally long-living, and slow-growing organisms 
(Nash 2008; Lohtander 2011). Their growth rates vary from a few millimeters to a centimeter per 
year and are influenced by environmental factors such as solar radiation and moisture availability. 
Even though lichens are one of the most resilient organisms, they are highly sensitive to distur-
bances due to their slow growth and dependence on suitable substrates (Esseen et al. 1996; Dettki 
and Esseen 1998). In addition to their role as a key winter forage for reindeer, pendulous lichens 
contribute to forest ecosystems by, for example, providing food, nesting material, and habitat for 
various animals (Carroll 1980; Hayward and Rosentreter 1994; Pettersson et al. 1995), contribut-
ing to nutrient cycles (Pike 1978), and enhancing species diversity (Lesica et al. 1991; Dettki and 
Esseen 1998; Miina et al. 2020).

The occurrence and availability of pendulous lichen habitat are influenced by forest age and 
tree species (Esseen et al. 1996; Nirhamo et al. 2023). These lichens are generally more abundant 
and diverse in old-growth forests compared to younger stands (Esseen et al. 1996), though other 
factors such as soil type, climate, microclimate, and forest type also play a role (Stevenson 1985; 
Dettki and Esseen 1998; Campbell and Coxson 2001; Jaakkola et al. 2006; Nash 2008; Rikkonen 
et al. 2023). Pendulous lichens occur most abundantly in old coniferous forests, particularly dom-
inated by Norway spruce (Picea abies (L.) H. Karst.) (Esseen et al. 1996).

Lichens propagate either sexually or asexually, with most species utilizing both ways 
(Myllys 2011). Asexual propagation, usually occurring through wind-dispersed lichen fragments, 
is the dominant method for local dispersal (Stevenson 1985; Myllys 2011) and is critical for 
maintaining the lichen continuum. Effective dispersal distances typically range between 100 and 
300 meters (Stevenson 1988; Dettki et al. 2000), though some lichen fragments can be found up 
to two kilometers from the source (Goward 2003). A windier environment may enhance particle 
detachment and facilitate lichen dispersal, including into open-cut areas. Therefore, the presence 
of lichen-rich stands and trees is crucial as acting as a source of lichen particles, and often the 
highest amounts of pendulous lichens are found on large trees (Coxson et al. 2003; Rikkonen et 
al. 2023).
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Due to the slow growth rate of pendulous lichens, maintaining diverse lichen colonies is 
challenging in commercial forests that rely solely on even-aged forestry practices (Dettki and Esseen 
1998). Pendulous lichens disappear immediately with the trees they grow on during harvesting, 
but also the remaining trees often support fewer lichens than they did prior to logging (Rytkönen 
et al. 2013). Furthermore, the recovery of pendulous lichens requires a longer time span than the 
rotation periods typically offered by even-aged forestry (Armleder and Stevenson 1994; Horstkotte 
et al. 2011).

To reconcile competing land use objectives, continuous cover forestry (CCF) has been intro-
duced as an alternative to traditional even-aged management. CCF combines various silvicultural 
methods with the aim of enhancing forest multifunctionality compared to traditional even-aged 
managed forests (Pukkala et al. 2012; Valkonen 2020; Brunner et al. 2025). In managed forests, 
CCF may provide a viable means of sustaining pendulous lichens and thereby support the coex-
istence of commercial forestry with reindeer husbandry (Kumpula et al. 2019; Rikkonen et al. 
2023). Unlike large-scale clear-cutting, gap cutting – one of the CCF methods – retains parts of 
the forest stand untouched, helping preserve additional ecosystem functions. Another CCF method, 
selection cutting, aims to remove large (and old) trees that are also preferred by pendulous lichens. 
Thus, small gap cuttings may be more favorable for maintaining pendulous lichen populations 
than selection cutting.

The effects of different CCF methods on pendulous lichens in not yet fully understood, 
despite previous research conducted in North America (Rominger et al. 1994; Coxson et al. 
2003; Stevenson and Coxson 2007; Stone et al. 2008; Boudreault et al. 2013), Sweden (Esseen 
et al. 1996; Ackemo 2018; Esseen and Coxson 2024), and Finland (Rikkonen et al. 2023). The 
colonization of pendulous lichens on seedlings, in particular, has received limited attention, and 
is not well studied. It is known that gap cutting influences pendulous lichen abundance through 
both direct and indirect ways. The direct removal of trees results in immediate loss of lichens and 
suitable growing substrates, while the creation of canopy gaps alters microclimatic conditions, 
like exposure to sunlight, rain, and wind, potentially affecting lichen growth and survival (Esseen 
and Renhorn 1998; Coxson et al. 2003; Esseen and Coxson 2024). However, gaps also facilitate 
new tree generation, thereby providing new growing substrates for lichens over time (Stevenson 
and Coxson 2007). The edge effects of the canopy gaps can also influence the amount and length 
of pendulous lichens up to 50 meters into the forest (Esseen and Renhorn 1998).

However, previous studies have shown that some pendulous lichen species, like genus 
Bryoria, may benefit from partial cuttings due to increased light exposure, until the new tree 
generation begins to shelter the canopy (Rominger et al. 1994; Coxson et al. 2003; Stevenson and 
Coxson 2007; Stone et al. 2008). Furthermore, gaps can influence species composition by altering 
the relative abundance of shade-tolerant and shade-intolerant species. Even though some lichen 
species benefit from increased exposure on residual trees at the gap edges, overall lichen biomass 
may remain unchanged or even decline following CCF interventions. This is likely due to certain 
lichen species exhibiting reduced abundance at gap edges after harvesting (Esseen and Renhorn 
1998; Stevenson and Coxson 2003; Stone et al. 2008; Boudreault et al. 2013).

In CCF, the time between cuttings is typically shorter than in even-aged forestry, which may 
limit the time available for lichens to establish and accumulate biomass on trees. However, silvi-
cultural treatments can increase lichen litterfall, potentially facilitating colonization in the new tree 
generation (Stone et al. 2008). A heavy tree removal, however, decreases the lichen abundance for 
many years. Given their slow growth rates and reliance on lichen fragments for propagation, early 
attachment to tree seedlings is essential for maximizing lichen biomass, already in younger trees. 
While the colonization of pendulous lichens on small saplings and seedlings remains relatively under-
studied, Ackemo (2018) observed that they are capable of establishing on seedlings withing gaps.
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Partial cuttings, which enhance the exposure of residual trees while keeping basal area 
removal low and retaining large and old trees, have been shown to better maintain reindeer and 
caribou forage compared to other forestry methods (Coxson et al. 2003; Stevenson and Coxson 
2007; Rikkonen et al. 2023). Among the two most common CCF methods – small gap cutting and 
selection cutting – small gap cutting has been identified as a more effective approach for main-
taining pendulous lichens in managed forests. This is because small gap cutting keeps patches of 
forest unmanaged for a longer time, thereby providing more time for pendulous lichen to establish 
and grow (Rikkonen et al. 2023).

In this study, we aim to examine how small gap cuttings, as a CCF method, affect the abun-
dance of pendulous lichens ten years after cutting in a pine-dominated forest in South-Lapland, 
Finland. Specifically, we investigate how pendulous lichen propagates onto pine seedlings within 
gaps of varying sizes (diameters 20 m, 40 m, and 80 m) and whether the lichens can effectively 
colonize also the centers of these gaps. In this study, we refer to all trees remaining in the gaps as 
seedlings, even though some may be relatively old (up to 79 years; Table 1) but remain relatively 
short (median height of 108 cm). We also assess how the edges of the gaps influence pendulous 
lichen propagation within the gaps and the abundance of pendulous lichen on mature trees located 
at the gap edges and within the surrounding forest. Through this investigation, we aim to determine 
whether small gap cutting can be effectively used to manage pendulous lichen in multipurpose 
forests where both commercial forestry and reindeer herding are practiced.

Based on previous studies, we hypothesize that pendulous lichens can propagate also into 
the centers of the gaps, but that the propagation will be lower in the center and in larger gaps 
compared to the edges and smaller gaps. We also hypothesize that taller seedlings within the gaps 
will support more pendulous lichens than shorter seedlings. Additionally, due to edge effects, we 
expect that mature trees at the edges of the gaps will host less pendulous lichens compared to 
mature trees within the forest interior.

2	 Material and methods

2.1	 Study area

The study area is located in central Finnish Lapland, on Veneselkä hill in Rovaniemi, approximately 
70 km north from the Arctic circle (Fig. 1). The area belongs to the subarctic climate zone, which 
is characterized by relatively cold and harsh conditions, with cold winters and short, cool to warm 
summers (Köppen 1936; Peel et al. 2007). The long-term mean temperature recorded at Rovaniemi 
Airport (located relatively close to the study site) is –10.4 °C in January and 15.7 °C in July, with 
an annual mean temperature of 1.5 °C (Jokinen et al. 2021). Annual precipitation is 633 mm, and 
the maximum snow depth, typically measured on March 15, is approximately 77 cm.

The study site is part of the Northern Boreal vegetation zone (Kalela 1961) and its sub-
zone “Southern Lapland (“Peräpohjola”) which is characterized by coniferous forests dominated 
by Scots pine (Pinus sylvestris L.) and Norway spruce. The area consists of a mosaic of sub-xeric 
Empetrum-Vaccinium (EVT) and xeric Myrtillus-Calluna-Cladonia (MCClT) site types (Cajander 
1926). Veneselkä area represents a typical multiple-use forest, where forestry, reindeer herding, 
and recreation are practiced. The area also contains several holiday homes.

The study area covers approximately 3 km2 and is located within an experimental CCF 
stand in a relatively heterogenous, Scots pine-dominated forest. It consists of large mature trees 
and naturally regenerated small gap cutting patches, which were cut in March 2010 (Hallikainen 
et al. 2019; Miettinen et al. 2024).
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Fig. 1. Location of the study site in Veneselkä hill in Rovaniemi, 
with gap cuttings randomized into six blocks (indicated by dif-
ferent colors). Figure modified from Hallikainen et al. (2019).

2.2	 Sampling design and data preparation

The study area was divided into six blocks (Fig. 1), each with an average size of 30 ha (range 15–40 
ha) (Hallikainen et al. 2019; Miettinen et al. 2024). The blocks were selected to be as homogenous 
as possible in terms of site type, stand age, and stand structure (i.e., variation in tree size). A rec-
tangular grid of points, spaced at 40 m intervals, was established within each block. Nine points on 
the grid were randomly selected within each block. Gaps of variable sizes were randomly assigned 
to these random points, with three replicates per block, and gaps of varying sizes were randomly 
assigned to these points, with three replicates per block.

The gap cuttings were conducted in March 2010. The gaps were circular, with diameters 
of 20 m, 40 m, or 80 m, corresponding to areas of 0.03 ha, 0.13 ha, and 0.5 ha, respectively. Each 
block contained three gaps of each size, resulting in a total of 54 gaps (18 per size class). A buffer 
of uncut forest, with a minimum width of 30 m, was maintained between the gaps and around the 
blocks. An additional 30 m buffer was preserved between individual gaps. If a selected grid point 
did not meet these spatial criteria, it was discarded and replaced randomly. Stand characteristics of 
the sections were recorded before the cuttings using five circular sample plots: one in the middle 
(radius = 9.77 m), and four at the cardinal directions (radius = 5.64 m) positioned six meters away 
from the edge of the gap.

In the summer of 2010, nine circular sample plots (radius = 1.26 m = 5 m2) were established 
within each gap. One plot was placed at the center of the gap, and one at the forest edge in all four 
cardinal directions (N, E, S, W). In addition, a control plot was positioned 12 meters from the edge 
into the forest buffer zone in each four cardinal direction (Fig. 2), resulting in a total of 486 sample 
plots. Site preparation, including patch scarification, was conducted in all gaps in early summer 
2010. All pre-existing seedlings within the circular sample plots were removed.
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During the summers of 2020 and 2021, the number and height of naturally regenerated 
seedlings (d1.3 < 4.5 cm) within the circular sample plots (Table 1) and the number of pendulous 
lichen-colonized Scots pine seedlings were recorded. Additionally, the presence of pendulous 
lichen on the tallest seedling within five meters from the center of each circular sample plot (hence 
the tallest seedling could also be located outside the sample plot) was recorded. An example of a 
pendulous lichen-colonized seedling is shown in Fig. 3. A tree was categorized as a seedling if it 
was under 4.5 cm thick on the breast height (d1.3).

The amount of pendulous lichen was also assessed on the five nearest dominant trees in 
each four cardinal direction within each gap, and five dominant trees within the forest buffer 
zones, positioned 15 meters from the control plot in each cardinal direction (Fig. 2), following 
the methods described by Kumpula et al. (2006). Lichen abundance was estimated from the 
branches and the trunk of each tree in three height zones: <2 m, 2–5 m, and >5 m. The following 
abundance classes were used to quantify pendulous lichen coverage: 0 = no pendulous lichens; 
1 = short pendulous lichens or sheaths of pendulous lichens are abundant, with a maximum length 
of one centimeter; 2 = pendulous lichens are observed almost entirely in long-growing form or 
in sheaths, with a length of approximately two to five centimeters; 3 = long or longish pendulous 
lichens, or sheaths of lichen, are growing generally or throughout the tree (over five centimeters, 

Fig. 2. Example of the sampling design with a gap (d = 20 m). Five circular regenera-
tion plots in brown are shown within the gap, and two additional plots outside the gap 
on the northern and eastern sides represent the four control plots positioned in all four 
cardinal directions. The orange dots represent trees, and the dots with a green outline 
represent the dominant trees from which pendulous lichen abundance were assessed. 
The dots further away on the northern and eastern sides represent the sample trees 
within the forest in all four cardinal directions (~15 m from the outer border of the 
control plots). Figure modified from Hallikainen et al. 2019.
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Table 1. Descriptive statistics of the covariates and the responses tested in the models 1–3. In addition to these, the 
categorical variables gap diameter and direction of a circular sample plot were tested in the models. Pendulous lichen 
category comes from the pendulous lichen assessed from five nearest dominant trees in each cardinal direction within 
each gap (following the methods described by Kumpula et al. (2006). Abbreviations used: Qu. = quartile, d1.3 = diameter 
at breast height (1.3 m).

Min. 1.Qu. Median Mean 3.Qu. Max.

At sample plot level

Number of seedlings with pendulous lichens on 
circular sample plot (response)

0.00 0.00 0.00 0.86 1.00 11.00

Number of all seedlings on plot (only plots 
recruited by seedlings)

1.00 9.00 17.00 21.40 29.75 102.00

Number of Scots pine seedlings on plot (only plots 
recruited by seedlings)

0.00 8.00 14.50 17.21 24.00 65.00

Height of Scots pine seedlings on plot, cm 2.00 12.00 20.00 26.80 36.00 139.00
Age of Scots pine seedlings on plot, years 2.00 5.00 6.00 6.05 7.00 14.00
Height of all seedlings on plot, cm 2.00 11.00 17.83 22.70 30.00 91.00
Height of longest Scots pine seedling, cm 7.00 78.00 108.00 121.60 150.00 440.00
Age of longest Scots pine seedling, years 4.00 10.00 15.00 19.86 26.00 79.00
At gap level, gap edge parameters

Basal area, m2 ha–1 0.57 13.79 17.68 18.13 22.46 35.83
Number of tree stems ha–1 50.00 400.00 625.00 644.10 850.00 1450.00
Total volume of tree trunks, m3 ha–1 3.31 112.04 144.51 149.15 185.54 327.68
Mean diameter (d1.3) of trees, cm 8.89 14.11 17.17 17.90 20.19 31.73
Mean height of trees, m 9.38 12.38 13.45 13.84 15.08 19.60
Mean of pendulous lichen category (categories 0–3, 
10 trees classified)

0.70 1.10 1.30 1.29 1.40 2.00

Fig. 3. Example of a Scots pine seedling with pendulous lichen (and some bark) attached.
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often exceeding ten centimeters) (Kumpula et al. 2006; Rikkonen et al. 2023; Supplementary 
file S1, available at https://doi.org/10.14214/sf.25021). The lichen categories used in the model-
ling were calculated as the mean of ten dominant trees at the forest edge and inside the forest in 
each cardinal directions. Descriptive data are provided in Table 1.

2.3	 Statistical modelling

Four models were constructed for the statistical modelling: a negative binomial model for the 
number of pendulous lichen-colonized Scots pine seedlings (Model 1), a binomial model for the 
presence of pendulous lichens on the longest single seedlings nearest to the circular sample plots 
(Model 2), a linear model for the pendulous lichen category within the forest interior and at the gap 
edge (Model 3), and a model to test the possible differences in forest edge characteristics between 
the cardinal directions (Model 4), and since this model belongs to the data description, it will be 
described in section 2.3.4.

In the models, where model predictions were computed and plotted, the R-packages ggef-
fects (Lüdecke 2018) and ggplot2 (Wickham 2016) were used. Mixed models were used due to 
the hierarchical structure of the data. The hierarchy was as follows, from highest to the lowest: 
1) block, 2) gap nested within block, and 3) circular sample plot (Models 1 and 3) or seedling 
(Model 2) nested within gap.

The independent variables tested, along with their distributions, are presented in Table 1. 
Given the large number of potential independent fixed variables, model building could not proceed 
by starting with a full model, as suggested by Zuur et al. (2009). Instead, a pre-selection process 
was used, including variables with statistically significant p-values that contributed to the response. 
After pre-selection, candidate variables and their potential two-way interactions were tested simul-
taneously through several include-drop stages.

The count model (Model 1) was considered the primary model, and all selected variables 
or terms (interactions) in this model were significant at 5% risk levels. In the pendulous lichen 
presence model (Model 2), variables that were significant in Model 1 were included, provided 
they were near the significance level and could be ecologically justified for the propagation of 
pendulous lichen. When computing predictions for a given predictor, other predictors were set to 
their mean values or levels.

Potential multicollinearity among the main-effect models between the selected variables were 
tested using performance R-package (Lüdecke et al. 2021). The Variance Inflation Factor (VIF) 
value of 10 (Hair et al. 1998) or as low as 5 or 3 (Hair et al. 2021) is typically considered the upper 
limit to avoid multicollinearity. In our case the VIF values for all the main effects were below 2.

General or generalized linear mixed models are known to sometimes underestimate the 
mean. To address this, a ratio estimator (ratio of observed to predicted mean, Snowdon 1991) was 
computed.

2.3.1	Model for the number of pendulous lichen-colonized seedlings (Model 1)

A negative binomial model (Model 1) was developed to describe the number of pendulous lichen-
colonized Scots pine seedlings on 5 m2 circular sample plots. The negative binomial model can 
be described as:

y NBijk ijk� � �� �, ( )1

log ln , ( )� � � � �ijk ijk ijk i ijf X� � � � � � � � � � 2

https://doi.org/10.14214/sf.25021
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, where yijk is the response variable of the counts (pine seedlings with pendulous lichens) in a 
sample plot (k), nested within the gaps (j), nested within the blocks (i). πijk represents (conditional) 
expected value and θ represents estimated clumping parameter (theta, see Eq. 3), log(πijk) denotes 
log-link function and f(Xijk,β) describes the linear function, i.e. fixed predictors that have been 
measured from the levels i, j or k, β representing parameter estimates. Furthermore, μi denotes 
block variance and μij denotes gap variance.

The models were estimated using R-package glmmTMB (Brooks et al. 2017) using NB2 
parametrization. The variance function in NB2-parametrization was defined as:

variance � ��
�
�

�
�
��

�
�

1 3( )

, where π denotes estimated expected value and θ estimated clumping parameter. The potential presence 
of extra-zero values in the response variable was tested using R-package DHARMa (Hartig 2021).

2.3.2	Model for the presence of pendulous lichen on the longest seedling (Model 2)

A binomial model (Model 2) was constructed to describe the presence of pendulous lichen on the 
longest single seedling within a 5-meter radius from the center of the circular sample plot. The 
presence of pendulous lichen was modelled using a binomial (Bernoulli) distribution assumption. 
The model was estimated using the R-package, glmmTMB (Brooks et al. 2017). The model can 
be described as:

y binomial nijk ijk ijk , ( )�� � 4

logit �
�
�

� � �ijk
ijk

ijk
ijk i ijf X� � �

�

�

�
��

�

�
�� � � � � �ln , ( )

1
5

where y represents the probability of the event, i.e. the presence of pendulous lichen on a seedling. 
The term binomial(n,π) denotes a binomial distribution with parameters n (describing the binomial 
sample size, in our case the number of seedlings) and π (describing the probability of event), the 

presence of pendulous lichens on a seedling. The term ln �
�
ijk

ijk1�

�

�
��

�

�
��  is the logit-link function, and 

f(Xijk,β) describes the linear function. The subscript notations denote: i = block, j = gap and k = 
circular sample plot (in Model 1). In Model 2 subscript k refers to the longest seedling.

The most relevant independent fixed variables in the models included the number of seedlings, 
gap diameter (20, 40 and 80 m), and the direction from the gap center. The directions were classified 
as gap center (reference category), north, east, south, and west. The number of seedlings was treated 
as a fixed variable because the strength and linearity of its effect provided insights into the ecological 
process driving seedling density on the spread and colonization of pendulous lichens on the seedlings.

2.3.3	Model testing differences in forest characteristics across different directions (Model 3)

A linear mixed model (Model 3) was constructed to examine differences in the amount of pendulous 
lichen on mature trees between the forest edge and the forest interior. In this model, block and gap 
nested within block were treated as random effect variables, while location (forest edge or forest 
interior) was the sole fixed variable. The response variable was the pendulous lichen category. The 
model was computed using R-package nlme (Venables and Ripley 2002).
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2.3.4	Data description

The distributions of the variables, characterized by key distribution parameters (Table 1), indicated 
that the mean number of pendulous lichen-colonized seedlings was 0.86 per circular sample plot, 
while the mean number of Scots pine seedlings was 21.4 per plot. The number of pendulous lichen-
colonized seedlings increased gradually with the increasing number of seedlings, the 3rd quarter 
being 1 reaching its maximum, 11 seedlings in the end of the distribution.

An average Scots pine seedling on a circular sample plot was approximately 6 years old 
and 27 cm tall. The mean height of all seedlings in the circular sample plot was slightly lower, 
about 23 cm. The age of all seedlings could not be reported, as only the ages of Scots pines were 
measured.

Among the longest Scots pine seedlings within a 5-meter radius from the center of a circular 
sample plot, 47% were colonized by pendulous lichen. This Bernoulli-distributed variable served 
as the response variable in Model 2. The average height of the longest Scots pine seedling was 
122 cm, with an average age of 20 years. However, the range was considerable: seedling age varied 
from 4 to 79 years, and height ranged from 7 cm to 440 cm.

Forest characteristics at the forest edges of the gaps were tested according to the cardinal 
directions, with the gap center representing the average of all other directions (Suppl. file S2, 
available at https://doi.org/10.14214/sf.25021). Due to the hierarchical structure of the data, a 
linear mixed effects model was applied for the tests. In this model, block was the sole random 
variable, while direction was treated as the fixed variable, with forest edge characteristics as 
the response variables. The model was computed using R-package nlme (Venables and Ripley 
2002).

The variability between the forest edge and forest interior were considerable (Suppl. file S2). 
The amplitude of the quarters suggested that the forests were predominantly mature, but the mini-
mum and maximum values showed substantial deviations from the median or mean (Table 1). 
Differences in forest characteristics between the cardinal directions were significant for model 
interpretation. The most notable differences were in the number of stems and the basal area of the 
forests, with the differences in the number of stems being the only significant difference at 5% risk 
level (Suppl. file S2). The Suppl. file S2 suggests that forests were sparsest on the southern side 
of the gaps and densest on the northern side of the gaps.

3	 Results

3.1	 Number of pendulous lichen-colonized seedlings (Model 1)

The primary effect of seedling density suggested that pendulous lichen colonization on seedlings 
increased with higher number of seedlings, but the relation was non-linear. The proportion of colo-
nized seedlings relative to the total number of seedlings increased with higher number of seedlings 
(Fig. 4a). Model predictions for the number of pendulous lichen-colonized seedlings within the 
5 m2 circular sample plot suggested that when approximately 35 seedlings were present, one of 
them was colonized by pendulous lichens.

Seedling height within a circular sample plot positively influenced the number of pendulous 
lichen-colonized seedlings (Fig. 4b). Additionally, the abundance of pendulous lichens on mature 
trees at the gap edge and within the forest interior (as reflected by the mean pendulous lichen cat-
egory in Table 2) influenced the proportion of pendulous lichen-colonized seedlings in the sample 
plots (Fig 4c, Table 2).

https://doi.org/10.14214/sf.25021
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Fig. 4. Model 1 predictions and 95% confidence intervals for the number of pendulous lichen-colo-
nized seedlings in the function of the following explanatory variables: number of Scots pine seedlings 
on a circular sample plot (a), Scots pine seedling height (b), pendulous lichen category at the forest 
edge (c), the interaction of gap size and number of seedlings at given values of 5, 15 and 30 seedlings 
in a sample plot (d), and interaction of gap size and direction (e). Pendulous lichen category comes 
from the pendulous lichen assessed from five nearest dominant trees in each cardinal direction within 
each gap (following the methods described by Kumpula et al. (2006).
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The interaction between gap diameter and seedling density on a sample plot suggested that 
when seedling density was high, the effect of gap size on lichen colonization was less pronounced. 
Differences in colonization between gap sizes diminished when seedling density increased within 
the sample plot (Fig. 4d).

An increase in gap diameter reduced the number of pendulous lichen-colonized seedlings 
(Fig. 4e). This effect was evident in all cardinal directions except west, where gap diameter had no 
significant influence on seedling colonization. Notably, smallest gaps with a diameter of 20 meters 
facilitated pendulous lichen colonization more effectively than larger gaps.

3.2	 Pendulous lichen colonization on the tallest seedling (Model 2).

The probability of colonization on the tallest seedling was higher in the smallest gaps (20 m diam-
eter) compared to the larger gaps (40 m and 80 m) (Fig. 5a). The effect of gap size was statistically 
significant (Table 3), although the magnitude of the effect was relatively modest.

Direction, which clearly affected the number of pendulous lichen-colonized seedlings 
depending on gap size, had only a minor effect on the probability of colonization of the tallest 

Table 2. Generalized linear mixed model to explain the number of pendulous lichen-colonized seedlings using a 
negative binomial (Model 1) (NB2-parametrization) distribution assumption. VIF denotes the variance inflation factor 
values for the main effects of the predictors. The marginal model R2 = 52.3%.

Variable Estimate Std.error z-/chi-value p VIF

Fixed effects

(Intercept) –1.904 0.655 –2.909 0.004
Gap diameter, m (20 m being ref. category) 12.961 0.002 1.23

40 m –0.936 0.514 –1.820 0.069
80 m –2.430 0.695 –3.494 <0.001

Direction (Center being ref. category) 2.668 0.615 1.45
North 0.246 0.392 0.627 0.531
East 0.447 0.374 1.196 0.232
South 0.479 0.383 1.251 0.211
West 0.045 0.396 0.114 0.909

No of seedlings on circular sample plot (5 m2) 0.015 0.009 1.717 0.086 1.07
Height of seedlings, cm 0.016 0.005 3.532 <0.001 1.36
Mean of pendulous lichen category (categories 0–3) 0.794 0.393 2.022 0.043 1.07
Gap diameter * No of seedlings on plot 8.592 0.014

40 m 0.029 0.015 1.877 0.061
80 m 0.043 0.016 2.744 0.006

Gap diameter * Direction 18.448 0.018
40 m * North –0.276 0.615 –0.449 0.654
80 m * North 0.959 0.754 1.271 0.204
40 m * East –1.173 0.674 –1.741 0.082
80 m * East 0.172 0.781 0.221 0.825
40 m * South –0.666 0.632 –1.053 0.292
80 m * South –1.244 1.015 –1.225 0.220
40 m * West 0.532 0.583 0.913 0.361
80 m * West 1.701 0.730 2.331 0.020

Random effects Variance

Block 0.085
Gap nested within Block <0.001
Theta (NB2 parameter) 2.720
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seedling (Table 3, Fig. 5b). However, seedlings located near the forest edge tended to have a higher 
probability of pendulous lichen colonization compared to those growing at the center of the gap.

Among the tallest seedlings in the circular sample plots or their immediate vicinity, 47% 
were colonized by pendulous lichens. The probability of pendulous lichen colonization increased 
significantly with the height of the tallest seedling (Table 3, Fig. 5c). When a seedling reached a 
height of 3–4 meters, the probability of finding pendulous lichen on it approached 100%.

The increasing abundance of pendulous lichen in the mature forest edge was associated with 
higher colonization rates on the tallest seedlings based on point estimates (Fig. 5d), although the 
main effect was not statistically significant (Table 3).

As an alternative model, seedling age was used instead of seedling height. Model predictions 
indicate that the colonization probability would exceed 80% when a seedling is at least 45 years 
old (Fig. 6). The effect of seedling age was highly significant (p < 0.001).

Fig. 5. Model 2 predictions and 95% confidence intervals for pendulous lichen colonization on the tallest seed-
lings: effect of gap diameter (a), direction (b), height of the tallest seedling (c), and pendulous lichen category 
(mean of 10 trees) (d). Pendulous lichen category comes from the pendulous lichen assessed from five nearest 
dominant trees in each cardinal direction within each gap (following the methods described by (Kumpula et 
al. 2006).
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Table 3. Generalized linear mixed-effects based on a binomial (Bernoulli) distribution for the presence of pendu-
lous lichens on the tallest seedling (Model 2). VIF denotes the variance inflation factor values for the main effects 
of the predictors. The marginal model R2 = 33.6%. The area under the ROC-curve = 0.745 (marginal model).

Variable Estimate Std.error z-/chi-value p VIF

Fixed effects

Intercept –3.563 1.034 –3.447 0.001
Gap diameter, m (20 m being ref. category) 7.033 0.030 1.09

40 m –1.014 0.423 –2.399 0.016
80 m –0.934 0.423 –2.209 0.027

Direction (Center being ref. category) 8.931 0.063 1.06
North 1.190 0.457 2.605 0.009
East 0.543 0.453 1.198 0.231
South 0.504 0.451 1.117 0.264
West 1.104 0.467 2.366 0.018

Mean of pendulous lichen category (categories 0–3) 1.186 0.700 1.693 0.090 1.03
Height of the longest seedling, cm 0.016 0.003 4.791 < 0.001 1.11
Random effects Variance

Block <0.001
Gap nested within Block 0.428

Fig. 6. Model 2 (alternative model) predictions and 95% confi-
dence intervals for pendulous lichen colonization on the tallest 
seedlings when seedling height was replaced with seedling age.

3.3	Differences in pendulous lichen abundance inside the forest and next to the gap 
edge (Model 3)

The linear mixed model for the abundance of pendulous lichen on mature trees revealed signifi-
cantly higher pendulous lichen inside coverage inside the forest compared to the forest edge (Fig. 7, 
t = 3.024, df = 371, p = 0.003).
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3.4	Model performance and fit

The negative binomial count model provided a good fit to the data. The observed mean number of 
pendulous lichen-colonized seedlings was 0.86, while the predicted mean was 0.84. The minimum 
values were 0 vs. 0.3, and the maximum values were 11.00 vs. 11.50, respectively. The simulated 
distribution fitted the observed count data moderately well, slightly underestimating the zero values 
and largest counts, while overestimating the seedling density (1 seedling per circular sample plot) 
(Suppl. file S3, available at https://doi.org/10.14214/sf.25021). The coefficient of determination 
for the marginal model was approximately 54%.

The test for the excessive number of zeroes in the negative binomial distribution suggested 
that the distribution fit the data adequately without the need for zero-inflation modeling. The ratio 
of observed to simulated zeros was 1.057, with a corresponding p-value of 0.296, indicating no 
significant difference between the observed and expected zeros.

The classification performance of the binomial marginal model (Model 2) for predicting 
pendulous lichen colonization on a single seedling was 74.5% (area under the ROC-curve). When 
seedling height was replaced by seedling age, the classification performance slightly decreased 
to (72.6%).

4	 Discussion

Our results clearly show that ten years after cutting, pendulous lichens successfully colonized 
Scots pine seedlings in small gap openings in a coniferous boreal forest. These lichens were able to 
establish themselves not only in small continuous cover gaps, but also in larger openings, extending 
up to at least 80 meters in diameter. These findings suggest that seedling colonization is strongly 
influenced by the number of established seedlings within the gap; as the density of seedlings 
increases, so does the number of pendulous lichen-colonized seedlings. However, this relation-
ship was not linear, suggesting that the microclimatic conditions created by seedlings positively 
influence lichen colonization. Consequently, higher seedling density intensifies the colonization 
of pendulous lichens.

Fig. 7. Model 3 predictions and 95% confidence inter-
vals for the abundance of pendulous lichens, as indi-
cated by the pendulous lichen category, in the forest 
edge and interior.

https://doi.org/10.14214/sf.25021


16

Silva Fennica vol. 59 no. 3 article id 25021 · Rikkonen et al. · Pendulous lichen colonization in small gap …

The results also suggest that pendulous lichens face greater challenges in propagation into 
larger gaps. This is consistent with previous findings that the effective propagation distance of 
pendulous lichens is relatively short (Dettki et al. 2000; Stevenson and Coxson 2003). Neverthe-
less, colonization was observed even in the largest gaps (80 m diameter). The effect of gaps size 
varied depending on the direction and the number of seedlings within the circular sample plots. 
However, in general, the smallest gaps (20 m in diameter) exhibited the highest colonization rates.

Moreover, seedling height increased the probability of pendulous lichen colonization. We 
measured lichen abundance on the tallest seedlings and found lichen on nearly half of them. When 
seedling height exceeded two meters, the probability of lichen colonization was approximately 
80%, and it was almost certain if the height exceeded three meters. This process, however, is slow; 
half of the seedlings had pendulous lichens on them only when they were over 20 years old. This 
implies that taller seedlings have had more time to catch and support the growth of pendulous 
lichens, while also providing a larger substrate for colonization. Our findings highlight the impor-
tance of preserving existing seedlings during small gap cuttings, as the tallest seedlings may have 
been located outside the sample plots and thus remained uncut. Ensuring that trees capture lichen 
fragments early in their development could help establish a sufficient amount of lichen while the 
trees are still relatively young.

These observations, showing that pendulous lichen colonization intensifies with seedling 
density and seedling height, contrasts with the findings of (Miettinen et al. 2024), who observed 
that although seedling density was higher in smaller gaps (20 m) than in larger ones (40 or 80 m), 
seedling growth was weaker in the 20 m gaps. Miettinen et al. (2024) concluded that the optimal 
gap size for Scots pine regeneration and growth is 40 m or more. Thus, there appears to be a con-
flict between the optimal gap size for pendulous lichen colonization and early seedling growth. 
Interestingly, our results indicate that when seedling density was high, gap size had less influence 
on pendulous lichen colonization. This suggests that creating favorable conditions for seedling 
regeneration can mitigate the negative effects of larger gaps on lichen colonization while simulta-
neously supporting seedling growth.

Usually, pendulous lichens prefer old trees, which provide sufficient time for lichen to attach 
and have bark suitable for lichen (Lommi 2011). However, in this study, we observed, that aided 
by wind, lichen particles can also colonize even the smallest seedlings.

It is important to note that patch scarification was conducted at our study site, which 
promotes seedling establishment and growth (Miettinen et al. 2024). Without this, seedling 
density – and consequently the abundance of pendulous lichens – would likely have been lower. 
Therefore, any actions that enhance seedling establishment and growth are likely to promote 
pendulous lichen colonization. However, over time, pendulous lichens are likely to colonize most 
trees naturally.

Additionally, we found that colonization was most effective near the gap edges and weak-
est at the center, consistent with the observations that lichen propagation is limited (Dettki et al. 
2000). This indicates that the amount of lichen crumbs decreases with increasing distance from 
the edge towards the gap center. Furthermore, the presence of mature forest surrounding the 
gaps enhances lichen colonization, as it provides a source of lichen crumbs (Coxson et al. 2003).

There were also indications that wind and sunlight influence lichen abundance within the 
gaps. For instance, seedlings on the northern side of the gaps, which receive more sunlight expo-
sure than the southern side, were more likely to host pendulous lichens. Previous studies have 
suggested that pendulous lichen can benefit from increased solar radiation or openness (Rominger 
et al. 1994; Stevenson and Coxson 2007; Stone et al. 2008; Esseen and Coxson 2024). However, 
the gaps also affect mature trees adjacent to the gaps; lichen abundance on mature trees at the gap 
edges was significantly lower than within the interior forest.
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Even though gap cut forests could support more pendulous lichens than even-aged forestry 
(Rikkonen et al. 2023), gap cutting always creates new edge habitats, which reduce forest con-
nectedness, one of the main factors driving the decline of pendulous lichens (Esseen and Renhorn 
1998; Horstkotte et al. 2011). However, it is possible that, over time, lichen growth may be more 
effective in gap cut forests compared to uncut ones, and that the lichen lost during cuttings could 
be regained through this increased growth in subsequent years (Rominger et al. 1994).

It should also be noted that the maximum gap size allowed in CCF in Finland is 0.3 ha 
(60 m diameter) (Metsälaki 1996). The largest gaps in our study (0.5 ha) are therefore larger than 
the CCF limit but remain significantly smaller than the average clear-cut sizes in Finland (1.5 ha, 
(Mäntyranta 2014) or in Sweden (3.6 ha, Swedish Forest Agency 2024).

Although forestry is considered one of the greatest threats to lichens, reindeer grazing also 
influences lichens abundance and overall forest ecology (Stark et al. 2003; Akujärvi et al. 2014). 
Increasing land use and diminishing grazing areas are likely to increase grazing pressure on the 
remaining areas. The long-term effects of gap cutting on both reindeer and lichens remain par-
tially unknown and could be complex. Gap cutting alters forest dynamics, which shift again as 
the seedlings mature. The changes in forest structure are likely to affect snow accumulation and 
distribution, which in turn could influence reindeer access to forage. Long-term shifts in stand 
structure may also alter the abundance and species composition of pendulous lichens (Armleder 
and Stevenson 1994).

Additionally, gap cutting requires operations over a larger area to achieve the same timber 
volume as even-aged forestry. More intensive forestry methods could potentially allow more areas 
to be completely excluded from forestry use.

It also must be acknowledged that gap cutting can be more costly than conventional even-
aged forestry, and logging restrictions can result in economic losses due to reduced forest growth 
and timber yield. Since gap cutting may pose economic challenges for forest owners, attention 
should be given to forestry support and taxation, to ensure that methods beneficial to both society 
and ecosystem health are also financially viable for private forest owners. However, potential 
economic losses caused from gap cutting could be offset by increased biodiversity, enhanced 
carbon sequestration, and other ecosystem services (Miina et al. 2020). Methods like gap cutting 
and retention forestry are increasingly necessary to meet the changing public expectations, and 
biodiversity and climate targets.

5	 Conclusion

This study demonstrates that maintaining pendulous lichen continuum in commercial forests can be 
supported through small gap cuttings, provided that the pre-existing seedlings are retained within 
the gaps, the gaps size remains at a maximum of 20 meters in diameter, and the gaps are situated 
adjacent to lichen-rich forests. Although the colonization process is slow, pendulous lichens can 
establish themselves within small gap cuttings if there is a sufficient amount of seedlings present. 
Therefore, small gap cutting represents a viable strategy for balancing forestry practices with 
reindeer husbandry. Overall, this research enhances our understanding of how pendulous lichens 
respond to small gap cuttings and provides new insights into their colonization on seedlings in 
boreal forests.
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