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Abstract: Forest landscape plays a significant role in rare cryptogam distribution. However, data about the environmental 
demands of rare epiphytic bryophytes and lichens in boreo-nemoral forest landscapes are not complete. In this study, we 
focused on finding the main environmental predictors influencing the occurrence of three red-listed epiphytic bryophytes and 
three red-listed epiphytic lichens in the Latvian boreo-nemoral forest landscape. We obtained the records of species from the 
Natural Data Management System OZOLS database, which is a national information system on all rare taxa. We analyzed 
the occurrence of species in relation to forest stand age and area, forest type, heterogeneity and tree bark pH class. We found 
that selected red-listed bryophyte and lichen occurrence was mainly influenced by forest stand age and area. However, each 
of the red-listed epiphytic bryophyte and lichen has their own ecological demands in the boreo-nemoral landscape.
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INTRODUCTION

In total, 43% of all legally protected (term 
originated from the Latvian government with aim 
to list the species with a conservation concern) 
bryophyte species protected by governmental 
policies (LRMK, 2000), and 39% of all red-listed 
bryophyte species of Latvia are distributed in 
forests (Āboliņa, 1994; Liepiņa, 2017; Gerra- 
Inohosa, 2018). In the case of lichens, 82% of 
specially protected species (LRMK, 2000) and 
65% of all red-listed lichenized fungi (lichens) in 
Latvia are related to forest habitats (Andrušaitis 
et al., 1996), where the vast majority (> 90%) are 
epiphytic lichens. This shows the importance 
of the forest landscape in bryophyte and lichen 
distribution and conservation. Measuring the 
alteration of forest habitats reveals the changes 
in the “living room” of these species groups. 

Boreo-nemoral forest stand characteristics such 
as forest habitat type, forest stand age, forest 
stand area and number of tree species in a forest 
stand (heterogeneity; Cleavitt, 2005; Jüriado et 
al., 2009; Perhans et al., 2009; Caners et al., 
2013; Nascimbene et al., 2013; Ódor et al., 2014) 
and pH of tree bark (Barkman, 1958; Gustafsson 
& Eriksson, 1995; Kuusinen, 1996; Sætersdal 
et al., 2005; Marmor et al., 2017) are important 
drivers influencing the distribution of epiphytic 
bryophytes and lichens in these forests, but 
there is insufficient understanding of how these 

predictors relate to particular rare epiphytic 
species (Hazell et al., 1998; Gustafsson et al., 
2004; Löbel et al., 2006; Fedrowitz et al., 2012; 
Westerberg et al., 2017). 

It has been known for decades that each species 
has its fundamental and realized niche that 
is highly dependent on the abiotic and biotic 
environment (Hutchinson, 1957). Despite the 
increasing number of studies on the ecology 
of epiphytic bryophytes and lichens, we still 
lack knowledge on optimal site condition for 
the rare bryophytes and lichens (Gustafsson et 
al., 1992; Snäll et al., 2004; Löbel et al., 2006; 
Ronnås et al., 2017). It is important to identify 
the key ecological variables that support the 
development of endangered species in a given 
area (Brown, 1995). Previous studies have shown 
that forest stand age has a significant effect on 
the occurrence of red-listed bryophyte species 
in both mature and managed forests in Sweden 
(Gustafsson et al., 2004), and the number of 
red-listed and indicator lichens of Woodland 
Key Habitats (WKH) in Swedish commercial 
forests was also higher in older forest stands 
(Johansson & Gustafsson, 2001). Therefore, 
the age of forest stand can be the main factor 
for the occurrence of epiphytic bryophytes and 
lichens in forest landscapes.

The aim of our study is to characterize the main 
drivers for the occurrence of selected red-listed 
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epiphytic bryophyte and lichen taxa in the 
boreo-nemoral forest landscape of Latvia based 
on available data from inventories, monitoring 
and other projects in Latvia from 2005 to 2020. 
The hypothesis of the study is: the highest 
occurrence of most of the selected epiphytic 
bryophyte and lichen taxa will be associated with 
older forest stands and with forest heterogeneity. 

MATERIALS AND METHODS

Study site and objects
Latvian forest landscape typically consists of 
different forest patch mosaics alternating with 
agricultural land, which forms fragmented 
landscape. Today, forest cover is estimated at 
around 52% of the total area of Latvia. Most 
of the forest cover is formed by coniferous 
stands (52% of total forested area), where 
Pinus sylvestris L. and Picea abies (L.) H. Karst 
are dominating, while deciduous stand cover, 
dominated by various tree species (e.g., Betula 
pendula Roth., Alnus incana (L.) Moench, 
Populus tremula L.), is smaller (State Forest 
Service, 2021). The climate in Latvia is charac-
terized by an annual rainfall of 692 mm. The 
coldest month is February, with an average air 
temperature of −3.7o C. The warmest month in 
Latvia is July, with an average air temperature 
of +17.4o C (LVĢMC, 2021). 

We selected the red-listed epiphytic bryophyte 
species: Dicranum viride (Sull. & Lesq.) Lindb., 
Neckera complanata (Hedw.) Huebener and Le-
jeunea cavifolia (Ehrh.) Lindb., and the lichens: 
Cetrelia olivetorum s. lat., Menegazzia terebrata 
(Hoffm.) A. Massal. and Thelotrema lepadinum 
(Ach.) Ach. (Table 1). The selected species are 
WKH specialist. The status as WKH specialist 
indicates that the forest patch in which this 
taxa occurs corresponds to WKH (Ek et al., 
2002). Dicranum viride is also listed in Annex II 
of EU Habitat Directive 92/43 (Council Directive 
92/43/EEK, 1992). All selected species are also 
legally protected (LRMK, 2000). These six species 
were selected according to their rarity in Latvia 
(red-listed species (Āboliņa, 1994; Andrušaitis 
et al., 1996) or/and protection status by Latvian 
government (LRMK, 2000; LRMK, 2012), repre-
senting different morphology, growth forms and 
dispersal modes that may also cause different 
ecological requirements. Other detailed informa-
tion about selected species is given in Table 1.

Data collection

For data analysis, we obtained data available 
from the Natural Data Management System 
OZOLS database by the request of the Nature 
Conservation Agency in Latvia. From OZOLS 
database, we selected species records registered 
by certified bryophyte and lichen experts who 
have appropriate experience in bryology and 
lichenology. It helped us to avoid records, where 
study species may be incorrectly identified. 

We selected study sites in locations which have 
been well studied before in terms of bryophytes 
and lichens based on several inventories, moni-
toring and other projects in Latvia from 2005 
to 2020 to avoid a false absence data problem 
(Lauriault & Wiersma, 2019). While we are 
aware of the probability of false absences in our 
data, their influence on our data is likely to be 
minor. The selected study sites were located in 
geographically diverse forest landscape areas 
in Latvia. We collected data in three steps: 1) 
site selection; 2) formation of sample plots; 3) 
random forest stand selection within a sample 
plot. Below we gave a description of each of the 
three steps in data collection.  

In total we compiled data about three red-listed 
bryophyte and three red-listed lichen species in 
30 sites in Latvia (five sites for each red-listed 
bryophyte and red-listed lichen species). We se-
lected sites, where these species were the most 
abundant. Selected bryophytes and lichens have 
at least 15 records (one record correspond to 
occurrence in one forest stand) in the selected 
study sites. This selection helped us to obtain 
data that are enough for data analysis. 

In each site we made a sample plot in size of 
1x1 km. The sample plot was designed around 
the species records, the centre of the plot being 
where most of the records of the species were 
found. This approach helped us to simplify the 
data analysis, to standardize sampling and to 
show data about red-listed species occurrence 
on a landscape scale. 

Each sample plot (1x1 km) consisted of different 
forest types and more than 30 forest stands. To 
standardize the data analysis, we selected ran-
domly 30 forest stands in each 1x1 km sample 
plot (in total 150 forest stands for each selected 
red-listed bryophyte and lichen species). The 
random selection procedure of forest stands in 
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each sample plot (1x1 km) was based on the 
following criteria: 1) the selected red-listed taxa 
had been recorded in at least 3 forest stands 
within a sample plot; 2) the minimum age of the 
randomly selected forest stand is older than 2 
years. All manipulations in data selection were 
done using programme Arc GIS pro version 2.7 
(ArcGIS® software by ESRI).

Data analysis
To analyze the relationship between selected 
red-listed bryophyte and lichen occurrences 
and forest stand variables, we obtained data 
about forest stand characteristics from the 
Latvian Forest Resource Database (updated in 
2020; Table 2). For each selected forest stand, 
we obtained information about forest stand age, 
forest stand area (the size of the forest patch), 
forest type (Latvian Forest Resource Database, 
modified after Kabucis (2001), Appendix 1) and 
heterogeneity (number of tree species in a forest 
stand tree layer, Appendix 1). We also evaluated 

tree bark pH class based on the tree species 
composition; one of two categories for each 
forest stand based on the presence of “rich” or 
“poor” bark trees in a forest stand, modified by 
Barkman (1958) and Mežaka & Znotiņa (2006). 
Forest stand age is calculated of the tallest and 
with a higher wood volume tree species of the 
forest layer in a forest stand (data were obtained 
from the Latvian Forest Resource Database 
upon the official request). Heterogeneity refers 
to the number of the tree species in a tree layer 
of a particular forest stand. The forest stand 
condition (bark pH class) was based on the pre-
sence or absence of favourable tree species for 
cryptogam species richness (Hazell et al., 1998; 
Mežaka & Znotiņa, 2006). If a tree layer of the 
forest stand had at least one of the following 
species present, the bark pH class was “rich” 
or if absent − “poor”: Acer platanoides L., Alnus 
incana, Fraxinus excelsior, Populus tremula, 
Salix sp., Ulmus sp. 

Table 1. Studied red-listed bryophyte and lichen taxa and their characteristics. Data compiled 
from the sources: Abolina (1968), Council Directive 92/43/EEK (1992), Āboliņa (1994), Andrušaitis 
et al. (1996), LRMK (2000), Ek et al. (2002), Motiejūnaitė (2005), Smith et al. (2009), Kukwa et 
al. (2012), LRMK (2012), Liepiņa (2017), Hodgetts et al. (2019), Mark et al. (2019), Degtjarenko & 
Moisejevs (2020), Hodgetts et al. (2020). 

Species Phorophyte Dominant forest 
type

Red-listed 
status in 
Latvia

Red-listed 
status in 
Europe

Habitat 
directive 
Annexes

Protection 
by Latvian 
government 
policies and 
other materials

Dicranum viride Deciduous, Pinus 
sylvestris 

Slope and ravine, 
old deciduous

Rare Least 
concern

II LRMK, 2000, 
Ek et al., 2002

Lejeunea cavifolia Deciduous Slope and ravine, 
old deciduous, 
old boreal

Vulnerable Least 
concern

 - LRMK, 2000; 
LRMK, 2012;  
Ek et al., 2002

Neckera complanata Different tree species Dry and wet 
deciduous, mixed 
tree 

Vulnerable Least 
concern

 - LRMK, 2000;  
Ek et al., 2002

Cetrelia olivetorum 
s. lat.

Alnus spp., Fraxinus 
excelsior L., Tilia 
cordata Mill.

Old-growth Endangered  -  - LRMK, 2000; 
LRMK, 2012;  
Ek et al., 2002

Menegazzia terebrata Alnus glutinosa (L.) 
Gaertn., Betula 
pubescens Ehrh., Tilia 
cordata, Picea abies, 
Populus tremula, 
Padus avium L.

Old-growth 
shady

Rare  -  - LRMK, 2000; 
LRMK, 2012;  
Ek et al., 2002

Thelotrema lepadinum Alnus spp., Quercus 
spp., Tilia spp.

Old-growth 
shady

Rare  -  - LRMK, 2000; 
LRMK, 2012;  
Ek et al., 2002
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Table 2. Drivers of forest characteristics. Forest 
type refers to six forest types: dry coniferous, dry 
deciduous, dry mixed tree, wet coniferous, wet 
deciduous, wet mixed tree. Heterogeneity refers 
to number of tree species in a forest stand tree 
layer. Bark pH class: P refers to the presence 
of tree species in forest stand with only “poor” 
or acidic bark; R refers to the presence of tree 
species in forest stand with “rich” or alkaline 
tree bark. 

Drivers Value range Unit

Forest stand age 2-238 years
Forest stand area 0.10-22.75 ha

Forest type 1-6 forest type number

Heterogeneity  1-5 tree species number
Bark pH class  P, R “poor” or “rich”

To understand the main drivers of selected red-
listed taxa occurrence in the forest landscape 
in Latvia, we related the forest stand variables: 
forest stand age, forest stand area, forest type, 
heterogeneity and bark pH class (Table 2) with 
selected red-listed taxa occurrence, applying 
the generalized linear model (GLM; Zuur et al., 
2009) with binomial family. To understand, if 
taxa occurrence is driven by forest stand age 
dependent on forest type and if taxa occurrence 
is driven by forest stand age dependent on 
heterogeneity, we added two interaction terms in 
GLMs as potential predictors: forest stand age x 
forest type and forest stand age x heterogeneity. 

Continuous variable in interaction terms were 
mean-centered to make interaction comparable 
with other variables in a model. We started GLM 
with a full model (all potential predictors) and 
the best GLMs were selected using backward 
stepwise selection based on the results of a 
likelihood ratio test. We removed one predictor 
which was not significant in each backward 
stepwise selection step. We applied a coefficient 
of partial determination (R2) to calculate 
the proportion variation explained by each 
predictor in a final model (Zhang, 2017). The 
significance of each variable was calculated with 
ANOVA function from ‘car’ package. The R2 was 
calculated using ‘rsq’ package (Zhang, 2021). 
Data analysis was conducted in R programme 
version 4.0.3 (R Core Team, 2020). 

RESULTS

The total number of study species records 
was 122 (Table 3). The most common was N. 
complanata and T. lepadinum. Both of these 
species were the most frequent in dry mixed 
forests and next common forest type for these 
species was dry deciduous forest. Liverwort L. 
cavifolia had wide gradient in terms of forest 
type; it was found in five forest types, from 
dry coniferous forest to wet mixed tree forest. 
Dicranum viride and C. olivetorum were found 
only in three forest types: dry deciduous, dry 
mixed tree and wet deciduous. Almost half of the 
records of M. terebrata were found in dry mixed 
forests. We did not find any selected red-listed 
taxa records in wet coniferous forests. 

Table 3. Taxa frequency in studied forest types. 

Species Forest types Percentage  
of all recordsDry 

coniferous
Dry 
deciduous

Dry mixed 
tree

Wet 
coniferous

Wet 
deciduous

Wet mixed 
tree

Bryophytes Percentage of the particular species records

Dicranum viride  -  72.2  16.7  -  11.1  -  14.8
Lejeunea cavifolia  20.0  35.0  25.0  -  5.0  15.0  16.4
Neckera complanata  8.7  43.5  43.5  -  4.4  -  18.9
Lichens

Cetrelia olivetorum  -  56.3  37.5  -  6.3  -  13.1
Menegazzia terebrata  -  28.6  47.6  -  9.5  14.3  17.2
Thelotrema lepadinum  -  29.2  50.0  -  16.7  4.2  19.7
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The GLM analysis revealed that occurrence of 
all selected red-listed bryophytes and lichens 
increased significantly with forest stand age 
(Table 4, Appendix 2). Furthermore, forest stand 
age was the only significant predictor of the oc-
currence of C. olivetorum (Table 4). Most of the 
studied taxa showed a rapid increase in prob-
ability of taxa occurrence starting in 100-year-
old forest stands (Appendix 2). The frequency of 
L. cavifolia was influenced significantly by forest 
type and forest stand age interaction, where 
the probability of having L. cavifolia was rap-
idly increasing in older dry coniferous and wet 
deciduous forest stands. Forest type was also 
significant for T. lepadinum occurrence (Table 
4), where the highest probability of having this 
species was in dry mixed tree forests. 

The set of the significant variables in a final GLM 
differed among the studied taxa. Probability of 
having each of the studied bryophyte species 
increased significantly with having “rich” bark 
trees in forest stands (Table 4, Appendix 2, C, 
F, H). Forest stand area was significant in D. 
viride, L. cavifolia and M. terebrata frequency 

(Table 4), and the probability of having these 
species increased with forest stand age (Ap-
pendix 2, B, E, K). 

DISCUSSION

Our results only partly support our hypothesis 
that occurrence of rare species will be associ-
ated with forest stand age, forest stand area 
and number of tree species in forest stands. 
While each selected red-listed species presence 
is associated to forest stand age, only D. viride, 
L. cavifolia and M. terebrata is associated with 
forest stand area. Heterogeneity has no signifi-
cant effect on any selected species occurrence 
(Table 4). 

Forest stand age is related to the natural state 
of the forest and also may indirectly reflect 
the historical management of the forest (Fritz 
et al., 2008; Moning et al., 2009; Wierzchols-
ka et al., 2020). The older forest stands have 
more preferable quality of tree bark substrate 
(Kuusinen & Penttinen, 1999; Humphrey et al., 
2002; Johansson et al., 2007) and more time 

Table 4. Generalized linear models (GLMs) of red-listed bryophyte and lichen occurrences and 
studied variables. The number of tree species in a stand refers to heterogeneity. R2 refers to coef-
ficient of partial determination. 

Response Predictors Statistics

R2 Residual  
of deviance p

Dicranum viride Forest stand age 0.19 89.43 <0.01
Forest stand area 0.25 67.29 <0.01
Bark pH class 0.06 61.07 <0.01

Lejeunea cavifolia Forest type 0.09 113.77 0.54
Forest stand age <0.01 96.23 <0.01
Forest stand area 0.21 86.67 <0.01
Heterogeneity 0.07 84.73 0.16
Bark pH class 0.15 73.47 <0.01
Forest type:  Forest stand age 0.14 60.23 0.02
Heterogeneity: Forest stand age <0.01 58.90 0.25

Neckera complanata Forest stand age 0.22 100.4 <0.01
Bark pH class 0.05 93.82 0.01

Cetrelia olivetorum Forest stand age 0.12 78.89 <0.01
Menegazzia terebrata Forest stand age 0.28 91.10 <0.01

Forest stand area 0.15 78.70 <0.01
Thelotrema lepadinum Forest type 0.11 117.95 0.02
  Forest stand age 0.13 104.40 <0.01
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than younger forest stands for successful rare 
species dispersal and colonization (e.g., the 
probability that propagule will reach the suitable 
substrate is higher in longer time intervals than 
shorter time intervals in general). 

We speculate that many rare species are more 
susceptible to microclimatic conditions in a 
particular forest stand than common species. 
These microclimatic conditions in terms of en- 
vironmental filtering might indirectly influence 
species dispersal abilities (for example, pro- 
ducing smaller amount of propagules) and 
propagule establishment among forest stands. 
Similarly, a study of boreal forests in Sweden 
shows that microclimatic differences among 
large and small forest patches are important for 
several epiphytic species (Perhans et al., 2009). 
Forest stand area was important in epiphytic 
bryophyte species dispersal in fragmented 
boreo-nemoral forest landscape in Sweden (Lö-
bel et al., 2006), while epiphytic lichen was not 
dispersal limited in the mountain landscape of 
Central Europe (Werth et al., 2006). 

Species dispersal is highly important in meta
population processes. Metapopulation structure 
is also common in epiphyte communities (Löbel 
et al., 2006), and the patch-tracking metapopu-
lation theory was suggested for epiphytic crypto-
gams (Snäll et al., 2003), which postulates that 
epiphytes will stay on a tree until the tree will fall 
down. This shows the importance of a suitable 
forest stand area in metapopulation dynamics. 
In this setting, due to restricted dispersal and 
tree-fall, epiphytic species will become extinct 
(Löbel et al., 2006) if there is not a suitable patch 
or substrate for epiphyte propagule colonization.

Our results show that D. viride, L. cavifolia 
and M. terebrata were associated with for-
est stand area. These species were probably 
maintaining local metapopulations with lim-
ited dispersal ability. Evidence showed that 
bryophyte asexual propagules can disperse 
only several centimeters from the source plant 
and maintain mostly local populations (Laa-
ka-Lindberg et al., 2003). This can be true for 
bryophyte D. viride and lichen M. terebrata 
in our study because these species produce 
asexual propagules which could have difficulties 
passing unsuitable patches (such as clear-cuts) 
before establishment on suitable substrate. A 
complete understanding of epiphytic bryophyte 

and lichen dispersal abilities is still lacking. 
Many bryophyte species showed dispersal ability 
exceeding 100 km in woodlands of Netherlands 
(Bremer & Ott, 1990), but the authors did not 
reveal if this dispersal was with spores or with 
asexual propagules. A recent study of Central 
European broadleaved and coniferous forests 
showed that the lichens M. terebrata and C. 
olivetorum have dispersal limitations (Dymytrova 
et al., 2018). Epiphytic lichen distribution and 
abundance was explained by local dispersal and 
environmental filtering in Norwegian deciduous 
forests (Schei et al., 2012).

The lack of the importance of heterogeneity in 
the studied red-listed species could be explained 
by the rare epiphytic species specialization 
to specific tree species, and the tree species 
diversity in a forest stand may not be important. 
Other studies showed that epiphytes are 
confined to particular tree species (Barkman, 
1958, Ranlund et al., 2018, Liira et al., 2020).

Our study shows that each of the selected 
epiphytic bryophytes and lichens have their 
specific relationships with studied predictors. 
For instance, only L. cavifolia and T. lepadinum 
showed an association with forest type. 
Bryophytes and lichens showed a significant 
relationship with forest habitat type in the 
Białowieża forest (Czerepko et al., 2021), but a 
low degree of habitat specialization was found for 
epiphytic bryophytes in boreo-nemoral forests 
in Sweden (Löbel et al., 2006). The Białowieża 
forest is a nemoral forest, but we studied the 
boreo-nemoral forests; this indicates that these 
forests may not be comparable. Local scale vari-
ables, such as substrate tree availability, may be 
more important than habitat type for other rare 
epiphytic bryophytes and lichens in the Latvian 
forest landscape. 

Surprisingly, while the presence of “rich” bark 
tree species in the studied forest stands is 
significant and has positive effects for all rare 
bryophyte species and it is not significant 
for occurrence of selected lichen species 
in our study. However, evidence that rare 
lichen Menegazzia terebrata can grow on 
both deciduous and coniferous tree species 
(Andrušaitis et al., 1996) with different bark pH 
can explain our results. Experimental results 
showed that substrate pH is important in rare 
bryophyte propagule germination (Wiklund & 
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Rydin, 2004; Löbel & Rydin, 2010) and also 
for the growth of both rare and common moss 
species fragments (Cleavitt, 2001). A study in 
Estonia showed that tree bark pH is important 
for red-listed epiphytic lichen occurrence (Mar-
mor et al., 2017). We could speculate that if 
our study had included all rare epiphytic lichen 
species in Latvia, the importance of tree bark 
pH would probably have been shown to be 
significant for several lichens

CONCLUSIONS

Our study shows that forest characteristics 
such as forest stand age and area are important 
drivers for the occurrence of rare epiphytic 
bryophytes and lichens in the Latvian forest 
landscape. Tree bark pH class is important 
driver in rare epiphytic bryophyte species 
occurrence. Selected epiphytic bryophytes and 
lichens have their own ecological requirements 
in the boreo-nemoral forest landscape. The next 
step in future studies is to apply species niche 
modeling approaches (Wierzcholska et al., 2020) 
to predict and analyze the distribution patterns 
of rare bryophytes and lichens in Latvia. 

ACKNOWLEDGEMENTS

The present study was financially supported by 
a postdoctoral grant: “Epiphyte metapopulation 
dynamics in boreo-nemoral forest landscape” 
(Nr. 1.1.1.2/VIAA/3/19/469). Thanks and 
appreciation to Joint Stock Company “Latvia’s 
State Forests” for co-operation. We are grateful 
for the suggestions of two anonymous reviewers 
which helped to improve the manuscript.  

REFERENCES
Abolina, A. A. 1968. The mosses of Latvian SSR (in 

Russian, German summary). Riga. 329 pp. 
Āboliņa, A. 1994. Latvian rare and threatened 

bryophytes. (in Latvian). Riga. 24 pp. 
Andrušaitis, G., Vimba, E. & Piterāns, A. 1996. Latvian 

Red Data Book. Rare and extinct plant and animal 
species. Mushrooms and lichens, 1 (in Latvian). 
Rīga. 202 pp. 

Barkman, J. J. 1958. Phytosociology and ecology of 
cryptogamic epiphytes. Van Gorcum & Company, 
Assen. 628 pp.

Bremer, A. P. & Ott, E. C. J. 1990. The establishment 
and distribution of bryophytes in the woods of the 
IJsselmeerpolders, the Netherlands. Lindbergia 
16(1): 3–18.

Brown, J. H. 1995. Macroeceology. The University of 
Chicago Press, Chicago. 283 pp. 

Caners, R. T., Macdonald, S., E. & Belland, R. J. 2013. 
Linking the biological traits of boreal bryophytes 
to forest habitat change after partial harvesting. 
Forest Ecology and Management 303: 184–194. 
https://doi.org/10.1016/j.foreco.2013.04.019

Cleavitt, N. 2001. Disentangling moss species limita-
tions: the role of physiologically based substrate 
specificity for six species occurring on substrates 
with varying pH and percent organic matter. The 
Bryologist 104(1): 59–68. 

Cleavitt, N. L. 2005. Patterns, hypotheses and pro-
cesses in the biology of rare bryophytes. The 
Bryologist 108(4): 554–566. 

Czerepko, J., Gawryś, R., Szymczyk, R., Pisarek, W., 
Janek, M. & Haidt, A. 2021. How sensitive are 
epiphytic and epixylic cryptogams as indicators 
of forest naturalness? Testing bryophyte and 
lichen predictive power in stands under differ-
ent management regimes in the Białowieża for-
est. Ecological Indicators 125:1–19. https://doi.
org/10.1016/j.ecolind.2021.107532

Council Directive 92/43/EEK, 1992. On the protection 
of natural biotopes, wild plants and animal 
species. Annex II. 

Degtjarenko, P. & Moisejevs, R. 2020. Revision of the 
genus Cetrelia (Lichenised Ascomycota) in Latvia. 
Botanica 26(1): 88–94. http://doi.org/10.2478/
botlit-2020-0008

Dymytrova, L., Brändli, U. B., Ginzler, C., & Schei-
degger, C. 2018. Forest history and epiphytic 
lichens: Testing indicators for assessing forest 
autochthony in Switzerland. Ecological Indica-
tors 84: 847–857. https://doi.org/10.1016/j.
ecolind.2017.08.009

Ek, T., Suško, U. & Auzinš, R. 2002. Inventory of 
woodland key habitats. Methodology. State Forest 
Service,  Riga. 73 pp.

Fedrowitz, K., Kuusinen, M. & Snäll, T. 2012. Meta-
population dynamics and future persistence of 
epiphytic cyanolichens in a European boreal for-
est ecosystem. Journal of Applied Ecology 49(2): 
493–502. https://doi.org/10.1111/j.1365-
2664.2012.02113.x

Fritz, Ö., Gustafsson, L. & Larsson, K. 2008. Does for-
est continuity matter in conservation? - A study 
of epiphytic lichens and bryophytes in beech 
forests of southern Sweden. Biological Conserva-
tion 141(3): 655–668. https://doi.org/10.1016/j.
biocon.2007.12.006

Gerra-Inohosa, L. 2018. Relationship between epi-
phyte diversity and tree species in forest stands 
with Fraxinus excelsior (in Latvian, English sum-
mary). Latvijas Veģetācija 28:75–85.

Gustafsson, L., Fiskesjö, A., Hallingbäck, T., Ingelög, 
T. & Pettersson, B. 1992. Semi-natural deciduous 
broadleaved woods in southern Sweden-habitat 
factors of importance to some bryophyte spe-
cies. Biological Conservation 59(2–3): 175–181. 
https://doi.org/10.1016/0006-3207(92)90579-C

https://doi.org/10.1016/j.foreco.2013.04.019
https://doi.org/10.1016/j.ecolind.2021.107532
https://doi.org/10.1016/j.ecolind.2021.107532
http://doi.org/10.2478/botlit-2020-0008
http://doi.org/10.2478/botlit-2020-0008
https://doi.org/10.1016/j.ecolind.2017.08.009
https://doi.org/10.1016/j.ecolind.2017.08.009
https://doi.org/10.1111/j.1365-2664.2012.02113.x
https://doi.org/10.1111/j.1365-2664.2012.02113.x
https://doi.org/10.1016/j.biocon.2007.12.006
https://doi.org/10.1016/j.biocon.2007.12.006
https://doi.org/10.1016/0006-3207(92)90579-C


236 Folia Cryptog. Estonica

Gustafsson, L. &  Eriksson, I. 1995. Factors of im-
portance for the epiphytic vegetation of aspen 
Populus tremula with special emphasis on bark 
chemistry and soil chemistry. Journal of Applied 
Ecology 32: 412–424.

Gustafsson, L., Hylander, K. & Jacobson, C. 2004. 
Uncommon bryophytes in Swedish forests - key 
habitats and production forests compared. For-
est Ecology and Management 194(1–3): 11–22. 
https://doi.org/10.1016/j.foreco.2004.01.054

Hazell, P., Kellner, O., Rydin, H. & Gustafsson, L. 
1998. Presence and abundance of four epiphytic 
bryophytes in relation to density of aspen (Populus 
tremula) and other stand characteristics. Forest 
Ecology and Management 107(1–3): 147–158. htt-
ps://doi.org/10.1016/S0378-1127(97)00330-7

Hodgetts, N., Cálix, M., Englefield, E., Fettes, N., García 
Criado, M., Patin, L., et al. 2019. A miniature world 
in decline: European Red List of Mosses, Liverworts 
and Hornworts. IUCN, Brussels. 100 pp. 

Hodgetts, N. G., Söderström, T. L., Blockeel, T. L., 
Caspari S., Ignatov, M. S., Konstantinova N. A. et 
al., 2020. An annotated checklist of bryophytes 
of Europe, Macaronesia and Cyprus. Journal of 
Bryology 42(1): 1–116. https:// doi.org/10.1080
/03736687.2019.1694329

Humphrey, J. W., Davey, S., Peace, A. J., Ferris, R. & 
Harding, K. 2002. Lichens and bryophyte com-
munities of planted and semi-natural forests in 
Britain: The influence of site type, stand structure 
and deadwood. Biological Conservation 107(2): 
165–180. https://doi.org/10.1016/S0006-
3207(02)00057-5

Hutchinson, G. E. 1957. Concluding remarks. Cold Spring 
Harbor Symposia of Quantitative Biology 22: 415–
427. https://doi.org/10.1201/9781315366746

Johansson, P. & Gustafsson, L. 2001. Red-listed and 
indicator lichens in woodland key habitats and 
production forests in Sweden. Canadian Journal 
of Forest Research 31(9): 1617–1628. https://doi.
org/10.1139/x01-091

Johansson, P., Rydin, H. & Thor, G. 2007. Tree age rela-
tionships with epiphytic lichen diversity and lichen 
life history traits on ash in southern Sweden. Écosci-
ence 14(1): 81–91. https://doi.org/10.2980/1195-
6860(2007)14[81:TARWEL]2.0.CO;2

Jüriado, I., Liira, J., Paal, J. & Suija, A. 2009. Tree 
and stand level variables influencing diversity of 
lichens on temperate broad-leaved trees in boreo-
nemoral floodplain forests. Biodiversity and Con-
servation 18: 105–125. https://doi.org/10.1007/
s10531-008-9460-y

Kabucis, I. (ed). 2001. Latvijas biotopi. Klasifikators 
(in Latvian). Rīga. 96 pp.  

Kuusinen, M. 1996. Epiphyte flora and diversity on 
basal trunks of six old-growth forest tree species 
in Southern and Middle boreal Finland. Lichenolo-
gist 28(5): 443–463.

Kuusinen, M. & Penttinen, A. 1999. Spatial pattern of 
the threatened epiphytic hryophyte Neckera pen-

nata at two scales in a fragmented horeal forest. 
Ecography 22: 729–735.

Kukwa, M., Pietnoczko, M. & Czyżewska, K. 2012. 
The lichen family Parmeliaceae in Poland. II. 
The genus Cetrelia. Acta Societatis Botanicorum 
Poloniae 81(1): 43–52.

Laaka-Lindberg, S., Korpelainen, S. & Pohjamo, M. 
2003. Dispersal of asexual propagules in bryo-
phytes. The Journal of the Hattori Botanical Lab-
oratory 93: 319–330. https://doi.org/10.18968/
jhbl.93.0_319

Latvijas Republikas Ministru kabinets. 2000. (LRMK, 
2000). Noteikumi par īpaši aizsargājamo sugu un 
ierobežoti izmantojamo īpaši aizsargājamo sugu 
sarakstu (grozījumi 27.07.2004 not. nr. 627). 
Noteikumi nr. 396 (in Latvian). Latvijas Vēstnesis 
413(417): 4–6. 

Latvijas Republikas Ministru kabinets. 2012. (LRMK, 
2012). Noteikumi par mikroliegumu izveidošanas 
un apsaimniekošanas kārtību, to aizsardzību, kā 
arī mikroliegumu un to buferzonu noteikšanu. 
Noteikumi nr. 940 (in Latvian). Latvijas Vēstnesis 
203(4806): 1–30.

Latvijas vides ģeoloģijas un meteoroloģijas cen-
trs. 2021. (LVĢMC, 2021). Latvian climate (in 
Latvian). https://videscentrs.lvgmc.lv/lapas/
latvijas-klimats (accessed in March 1st, 2021).

Lauriault, P. & Wiersma, Y. F. 2019. Reducing the 
rate of false absences of cryptic species in inven-
tory and sampling work. The Bryologist 122(4): 
578–585. https://doi.org/10.1639/0007-2745-
122.4.578

Liepiņa, L. 2017. Īpaši aizsargājamās un reti sasto-
pamās sūnu sugas Latvijā (in Latvian). Sigulda. 
154 pp.

Liira, J., Suija, A., & Jüriado, I. 2020. Habitat and 
host specificity of epiphytic lichens in a rural 
landscape: cultural heritage habitats as refugia. 
Biodiversity and Conservation 29: 2141–2160. 
https://doi.org/10.1007/s10531-020-01955-1

Löbel, S., Snäll, T. & Rydin, H. 2006. Metapopulation 
processes in epiphytes inferred from patterns 
of regional distribution and local abundance in 
fragmented forest landscapes. Journal of Ecology 
94(4): 856–868. https://doi.org/10.1111/j.1365-
2745.2006.01114.x

Löbel, S. & Rydin, H. 2010. Trade-offs and habitat 
constraints in the establishment of epiphytic 
bryophytes. Functional Ecology 24(4): 887–897. htt-
ps://doi.org/10.1111/j.1365-2435.2010.01705.x

Mark, K., Randlane, T., Thor, G., Hur, J.S., Obermayer, 
W. & Saag, A. 2019. Lichen chemistry is 
concordant with multilocus gene genealogy in 
the genus Cetrelia (Parmeliaceae, Ascomycota). 
Fungal Biology 123(2): 125–139. http://doi.
org/10.1016/j.funbio.2018.11.013

Marmor, L., Randlane, T., Juriado, I. & Saag, A. 2017. 
Host tree preferences of red-listed epiphytic li-
chens in Estonia. Baltic Forestry 23(2): 364–373. 

https://doi.org/10.1016/j.foreco.2004.01.054
https://doi.org/10.1016/S0378-1127(97)00330-7
https://doi.org/10.1016/S0378-1127(97)00330-7
http://doi.org/10.1080/03736687.2019.1694329
http://doi.org/10.1080/03736687.2019.1694329
https://doi.org/10.1016/S0006-3207(02)00057-5
https://doi.org/10.1016/S0006-3207(02)00057-5
https://doi.org/10.1201/9781315366746
https://doi.org/10.1139/x01-091
https://doi.org/10.1139/x01-091
https://doi.org/10.2980/1195-6860(2007)14
https://doi.org/10.2980/1195-6860(2007)14
https://doi.org/10.1007/s10531-008-9460-y
https://doi.org/10.1007/s10531-008-9460-y
https://doi.org/10.18968/jhbl.93.0_319
https://doi.org/10.18968/jhbl.93.0_319
https://videscentrs.lvgmc.lv/lapas/latvijas-klimats
https://videscentrs.lvgmc.lv/lapas/latvijas-klimats
https://doi.org/10.1639/0007-2745-122.4.578
https://doi.org/10.1639/0007-2745-122.4.578
https://doi.org/10.1007/s10531-020-01955-1
https://doi.org/10.1111/j.1365-2745.2006.01114.x
https://doi.org/10.1111/j.1365-2745.2006.01114.x
https://doi.org/10.1111/j.1365-2435.2010.01705.x
https://doi.org/10.1111/j.1365-2435.2010.01705.x
http://doi.org/10.1016/j.funbio.2018.11.013
http://doi.org/10.1016/j.funbio.2018.11.013
https://doi.org/10.2980/1195-6860(2007)14[81:TARWEL]2.0.CO;2


237

Mežaka, A. & Znotiņa, V. 2006. Epiphytic bryophytes 
in old growth forests of slopes, screes and ravines 
in north-west Latvia. Acta Universitatis Latviensis 
710: 103–116. 

Moning, C., Werth, S., Dziock, F., Bässler, C., Bradtka, 
J., Hothorn, T. et al. 2009. Lichen diversity in 
temperate montane forests is influenced by for-
est structure more than climate. Forest Ecology 
and Management 258(5): 745–751. https://doi.
org/10.1016/j.foreco.2009.05.015

Motiejūnaitė, J. 2005. Distribution of some rare and 
declining lichen species in lowland eastern and 
eastern-central Europe. Biologia  60: 357–363.

Nascimbene, J., Thor, G. & Nimis, P. L. 2013. Effects 
of forest management on epiphytic lichens in 
temperate deciduous forests of Europe - A review. 
Forest Ecology and Management 298: 27–38. 
https://doi.org/10.1016/j.foreco.2013.03.008

Ódor, P., Király, I., Tinya, F., Bortignon, F. & Nas-
cimbene, J. 2014. Patterns and drivers of spe-
cies composition of epiphytic bryophytes and 
lichens in managed temperate forests. Forest 
Ecology and Management 321: 42–51. https://
doi.org/10.1016/j.foreco.2014.01.035

Perhans, K., Appelgren, L., Jonsson, F., Nordin, U., 
Söderström, B. & Gustafsson, L. 2009. Retention 
patches as potential refugia for bryophytes and 
lichens in managed forest landscapes. Biological 
Conservation 142(5): 1125–1133. https://doi.
org/10.1016/j.biocon.2008.12.033

R Core Team. 2020. R: A language and environment for 
statistical computing. R Foundation for Statistical 
Computing. Vienna. https://www.R-project.org/

Ranlund, Å., Hylander, K., Johansson, V., Jonsson, 
F., Nordin, U., & Gustafsson, L. 2018. Epiphytic 
lichen responses to environmental change due 
to clear-cutting differ among tree taxa. Journal 
of Vegetation Science 29(6): 1065–1074. https://
doi.org/10.1111/jvs.12684

 Ronnås, C., Werth, S., Ovaskainen, O., Várkonyi, G., 
Scheidegger, C., & Snäll, T. 2017. Discovery of 
long-distance gamete dispersal in a lichen-form-
ing ascomycete. New Phytologist 216(1): 216–226. 
https://doi.org/10.1111/nph.14714

Sætersdal, M., Gjerde, I. & Blom, H. H. 2005. Indicator 
species and the problem of spatial inconsistency 
in nestedness patterns. Biological Conservation 
122(2): 305–316. https://doi.org/10.1016/j.
biocon.2004.07.020

Schei, F. H., Blom, H. H., Gjerde, I., Grytnes, J.-A., 
Heegaard, E. & Sætersdal, M. 2012. Fine-scale dis-
tribution and abundance of epiphytic lichens: en-
vironmental filtering or local dispersal dynamics? 
Journal of Vegetation Science 23(3): 459–470. htt-
ps://doi.org/10.1111/j.1654-1103.2011.01368.x

Smith, C. W., Aptroot, A., Coppins, B. J., Fletcher, 
A., Gilbert, O. L., James, P. W. et al., (eds). 2009. 
The Lichens of Great Britain and Ireland. British 
Lichen Society. London. 1046 pp.

Snäll, T., Ribeiro Jr., P. J. & Rydin, H. 2003. Spatial 
occurrence and colonisations in patch-track-
ing metapopulations: local conditions versus 
dispersal. Oikos 103(3): 566–578. https://doi.
org/10.1034/j.1600-0706.2003.12551.x 

Snäll, T., Hagström, A., Rudolphi, J. & Rydin, H. 
2004. Distribution pattern of the epiphyte Neckera 
pennata on three spatial scales - Importance of 
past landscape structure, connectivity and local 
conditions. Ecography 27(6): 757–766. https://
doi.org/10.1111/j.0906-7590.2004.04026.x

State Forest Service. 2021. Forest management 
(in Latvian). https://www.vmd.gov.lv/valsts-
meza-d ienests/stat iskas- lapas/-meza-
apsaimniekosana-?nid=1472#jump (accessed 
on February 1st, 2021). 

Werth, S., Wagner, H. H., Gugerli, F., Holderegger, R., 
Csencsics, D., Kalwij, J. M. et al. 2006. Quantify-
ing dispersal and establishment limitation in a 
population of an epiphytic lichen. Ecology 87(8): 
2037–2046. https://doi.org/10.1890/0012-
9658(2006)87[2037:QDAELI]2.0.CO;2

Westerberg, L. M., Muhammadi, U. H., Bergman, K. O. 
& Milberg, P. 2017. Spatial pattern of occurrence 
of epiphytic lichens on oaks in a heterogeneous 
landscape. Acta Oecologica 84: 64–71. https://
doi.org/10.1016/j.actao.2017.09.005

Wierzcholska, S., Dyderski, M. K. & Jagodziński, A. M. 
2020. Potential distribution of an epiphytic bryo-
phyte depends on climate and forest continuity. 
Global and Planetary Change 193: 1–8. https://
doi.org/10.1016/j.gloplacha.2020.103270

Wiklund, K. & Rydin, H. 2004. Ecophysiological con-
straints on spore establishment in bryophytes. 
Functional Ecology 18: 907–913. https://doi.
org/10.1111/j.0269-8463.2004.00906.x

Zhang, D. 2017.  A coefficient of determination 
for generalized linear models. The American 
Statistician 71(4): 310–316. https://doi.org/10.
1080/00031305.2016.1256839

Zhang, D. 2021. rsq: R-Squared and Related Meas-
ures. R package version 2.2. https://CRAN.R-
project.org/package=rsq

Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A. 
& Smith, G. M. 2009. Mixed effects models and 
extensions in ecology with R. Springer, New York. 
574 pp. 

https://doi.org/10.1016/j.foreco.2009.05.015
https://doi.org/10.1016/j.foreco.2009.05.015
https://doi.org/10.1016/j.foreco.2013.03.008
https://doi.org/10.1016/j.foreco.2014.01.035
https://doi.org/10.1016/j.foreco.2014.01.035
https://doi.org/10.1016/j.biocon.2008.12.033
https://doi.org/10.1016/j.biocon.2008.12.033
https://www.R-project.org/
https://doi.org/10.1111/jvs.12684
https://doi.org/10.1111/jvs.12684
https://doi.org/10.1111/nph.14714
https://doi.org/10.1016/j.biocon.2004.07.020
https://doi.org/10.1016/j.biocon.2004.07.020
https://doi.org/10.1111/j.1654-1103.2011.01368.x
https://doi.org/10.1111/j.1654-1103.2011.01368.x
https://doi.org/10.1034/j.1600-0706.2003.12551.x
https://doi.org/10.1034/j.1600-0706.2003.12551.x
https://doi.org/10.1111/j.0906-7590.2004.04026.x
https://doi.org/10.1111/j.0906-7590.2004.04026.x
https://www.vmd.gov.lv/valsts-meza-dienests/statiskas-lapas/-meza-apsaimniekosana-?nid=1472#jump
https://www.vmd.gov.lv/valsts-meza-dienests/statiskas-lapas/-meza-apsaimniekosana-?nid=1472#jump
https://www.vmd.gov.lv/valsts-meza-dienests/statiskas-lapas/-meza-apsaimniekosana-?nid=1472#jump
https://doi.org/10.1890/0012-9658(2006)87
https://doi.org/10.1890/0012-9658(2006)87
https://doi.org/10.1016/j.actao.2017.09.005
https://doi.org/10.1016/j.actao.2017.09.005
https://doi.org/10.1016/j.gloplacha.2020.103270
https://doi.org/10.1016/j.gloplacha.2020.103270
https://doi.org/10.1111/j.0269-8463.2004.00906.x
https://doi.org/10.1111/j.0269-8463.2004.00906.x
https://doi.org/10.1080/00031305.2016.1256839
https://doi.org/10.1080/00031305.2016.1256839
https://CRAN.R-project.org/package=rsq
https://CRAN.R-project.org/package=rsq
https://doi.org/10.1890/0012-9658(2006)87[2037:QDAELI]2.0.CO;2


238 Folia Cryptog. Estonica

Appendix 1. Studied forest types and tree species. Ag: Alnus glutinosa (L.) Gaertn., Ai: Alnus incana 
(L.) Moench, Ap: Acer platanoides L., Bp: Betula pendula Roth, Fe: Fraxinus excelsior L., Pa: Picea 
abies (L.) H. Karst, Ps: Pinus sylvestris L., Pt: Populus tremula L., Qr: Quercus robur L., Sc: Salix 
caprea L., Ssp; Salix sp., Tc: Tilia cordata Mill., U: Ulmus sp. 

Forest type                                                        Tree species Total number 
of tree speciesAg Ai Ap Bp Fe Pa Ps Pt Qr Sc Ssp Tc U

Dry coniferous 1 1 1 1 1 1 1 1 8
Dry deciduous 1 1 1 1 1 1 1 1 1 1 1 1 12
Dry mixed tree 1 1 1 1 1 1 1 1 1 1 10
Wet coniferous 1 1 1 3
Wet deciduous 1 1 1 1 1 1 1 1 1 1 1 11
Wet mixed tree 1 1   1 1 1 1 1 1         8
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Appendix 2. Fitted (lines) values of GLM and observed values (dots) of red-listed epiphytic occur-
rence (probability of having species) of bryophytes and lichens in relation to studied variables. Open 
points in violin plots refer to mean values. Bark pH class: P refers to the presence of tree species 
in forest stand with only “poor” or acidic bark; R refers to the presence of tree species in forest 
stand with “rich” or alkaline tree bark. Shown are only significant predictors of GLMs. Probability 
of having Dicranum viride in association to forest stand age (A), forest stand area (B) and bark pH 
class (C). Probability of having Lejeunea cavifolia in association to interaction forest type x forest 
stand age (mean centered) (D), forest stand area (E) and bark pH class (F). Probability of having 
Neckera complanata in relation to forest stand age (G) and bark pH class (H). Probability of having 
Cetrelia olivetorum in relation to forest stand age (I). Probability of having Menegazzia terebrata in 
relation to forest stand age (J) and forest stand area (K). Probability of having Thelotrema lepadinum 
in relation to forest type (L) and forest stand age (M). 
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Appendix 2 (cont.). 
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