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Abstract: Bryophytes, particularly epiphytes, play a vital role in the nemoral forest ecosystems of the tem-
perate climate zone, influencing microclimate, providing habitats, and contributing to biodiversity. Dicra-
num viride, a target moss species within the Natura 2000 network, is of significant conservation value. Its
preservation is crucial for forest managers who strive to protect the naturalness and integrity of nemoral
forest ecosystems. Understanding its habitat preferences, co-occurrence patterns, and interactions within
co-created epiphytic communities is essential for effective conservation and a more comprehensive under-
standing of its biology. Our research examines the co-occurrence patterns of D. viride within epiphytic com-
munities. Specifically, we focused on the influence of the phorophyte (host tree) species and interspecific
interactions on the composition of co-occurring bryophytes. We conducted field surveys in eastern Poland
to investigate the distribution of D. viride in several forest ecosystems located in five Natura 2000 sites.
Each occurrence of the target moss was recorded along with forest type, phorophyte species, and co-occur-
ring bryophyte taxa. The collected data were then used for network analyses, including pairwise co-occur-
rence interactions based on a probabilistic model of species co-occurrence. Dicranum viride occurred most
frequently on the bark of Fagus sylvatica and Carpinus betulus, particuraly in Fagion sylvaticae and Carpinion bet-
uli. Network analyses revealed that the composition of co-occurring taxa varied depending on phorophyte
species, with interspecific interactions among bryophytes significantly influencing these differences. Our
study highlights the significant role of D. viride as an umbrella species in European woodlands, emphasiz-
ing its prevalence in Fagion sylvaticae and Carpinion betuli forest types, and its affinity for Fagus sylvatica and
Carpinus betulus as phorophyte species. Implementing zonal protection for D. viride should be considered a
progressive step in sustainable forest management, ensuring the conservation of its habitats and contribut-
ing not only to the biodiversity of woodland ecosystems, but also to the preservation of the most valuable
ones. By unravelling the complex relationships within epiphytic communities, especially those involving
flagship species such as D. viride, our research emphasises the importance of considering both the presence
of co-occurring taxa and the nature of their interactions in studies of co-created community dynamics.

Keywords: bryophytes, epiphytes, nature conservation, network analyses, target species

Adresses: A. Wysocki, B. Olesik, J. Pro¢kéw, S. Wierzcholska, Department of Plant Biology, Institute of
Environmental Biology, Wroclaw University of Environmental and Life Sciences, Kozuchowska 7a,
51-631 Wroctaw, Poland;

AW ® https://orcid.org/0000-0001-6550-1963, e-mail: adrian.wysocki@upwr.edu.pl;

BO ® https://orcid.org/0009-0004-5002-2002, e-mail: beataolesik1 @gmail.com;

JP © https://orcid.org/0000-0003-4100-3438, e-mail: jaroslaw.prockow @upwr.edu.pl;

SW @ https://orcid.org/0000-0002-9868-2315, e-mail: sylwia.wierzcholska@upwr.edu.pl;


https://doi.org/10.12657/denbio.092.002
https://orcid.org/0000-0001-6550-1963
https://orcid.org/0000-0001-6550-1963
mailto:adrian.wysocki@upwr.edu.pl
https://orcid.org/0009-0004-5002-2002
https://orcid.org/0009-0004-5002-2002
mailto:beataolesik1@gmail.com
https://orcid.org/0000-0003-4100-3438
https://orcid.org/0000-0003-4100-3438
mailto:jaroslaw.prockow@upwr.edu.pl
https://orcid.org/0000-0002-9868-2315
https://orcid.org/0000-0002-9868-2315
mailto:sylwia.wierzcholska@upwr.edu.pl

The role of phorophyte species and interspecific interactions in co-occurrence patterns... 33

K. Konowalik, Department of Botany and Plant Ecology, Wroctaw University of Environmental and Life

Sciences, Pl. Grunwaldzki 24a, PL-50-363 Wroclaw, Poland;

e-mail: kamil.konowalik@upwr.edu.pl
* corresponding author

Introduction

Bryophytes, particularly epiphytic bryophytes,
emerge as key components within the nemoral
forest ecosystems of the temperate climate zone
(Barkman, 1958). They modify the climate on a mi-
croscale (Stanton et al., 2014) and serve as a hab-
itat for other organisms (Lindo & Gonzalez, 2010;
Wardle et al., 2012). Furthermore, by colonising the
diverse mosaic of microhabitats within the bark of
trees, they contribute to the overall biodiversity of
woodland ecosystems (Steel et al., 2004; Fritz &
Heilmann-Clausen, 2010; Kentjens et al., 2023). Epi-
phytic bryophytes are considered valuable indicators
of forest health and diversity, as well as key compo-
nents of ecosystem resilience (Frego, 2007; Oishi
& Morimoto, 2016; Shi et al., 2017; Guerra et al.,
2020). This is why they are used as a tool to assess
the degree of naturalness and continuity of forests
(Molder et al., 2015; Jaroszewicz et al., 2019; Wier-
zcholska et al., 2020).

The concept of an umbrella species, defined as one
whose conservation can effectively protect a broad-
er range of species and their habitats, has gained
prominence in conservation biology (Wilcox, 1984;
Roberge & Angelstam, 2004). By focusing on the
habitat requirements and protection of the umbrella
species, conservation efforts can indirectly safeguard
numerous other species that share similar ecologi-
cal niches (Wilcox, 1984; Fleishman et al., 2000;
Fleishman et al., 2001; Roberge & Angelstam, 2004).
Therefore, a promising umbrella species is one whose
requirements for environmental resources are higher
compared to co-occurring species, thereby identify-
ing ecosystems important for the protection of highly
valued areas (Roberge et al., 2008).

Investigating interactions among co-occurring
species constitutes a key aspect of community ecol-
ogy (D’Amen et al., 2018; Zurell et al., 2018). In
this context, specialist species coexist with a limited
number of other species, while generalists exhibit a
broader range of co-occurring species (Fridley et al.,
2007). Knowing the patterns responsible for species
co-occurrence is helpful in determining their niche,
as well as the environmental factors that shape their
distributions (Fridley et al., 2007; Pannek et al.,
2016; Li et al., 2022; Tasenkevich et al., 2022).

In the context of European forests, Dicranum viride
(Sull. & Lesq.) Lindb., a target species sensu Kiehl
et al. (2010), serves as a prime example of the vital
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ecological and conservation role that these inconspic-
uous organisms play. This moss, considered a relict
of European primeval forests (Cieslinski et al., 1996;
Dier8en, 2001; Stebel & Zarnowiec, 2014), is sub-
ject to special protection, particularly under the Bern
Convention (Annex I in Bern 19/09/1979) and the
EU Habitats Directive (Annex II of the Council Direc-
tive 92/43/EEC). Its distribution, habitat preferenc-
es, and ecological interactions make it an ideal focal
point for conservation efforts (Stebel, 2004; Wysocki
et al., 2023). Given its international importance in
the conservation of biodiversity and forest manage-
ment, there is a substantial knowledge gap on the
co-occurrence patterns and interspecific interactions
within epiphytic communities where D. viride has its
ecological optimum. Our aim is to investigate these
complex relationships, as co-occurrence patterns are
instrumental in revealing the broader ecological net-
work centred around the presence and distribution
of the umbrella species itself. Our research puts for-
ward two hypotheses: (1) the overall composition of
taxa co-occurring with D. viride differs regarding the
phorophyte (host tree) species, and (2) the interac-
tions among co-occurring taxa influence the overall
composition of D. viride communities.

Methods

Study area

Our research began with an extensive examina-
tion of the distribution of D. viride in Poland, based on
data obtained from national monitoring programmes
and insights provided by experts. Subsequently, we
identified particular locations within the extensive
forest complexes in eastern Poland and conducted
field surveys during July and August 2022. The cho-
sen sites encompassed five Natura 2000 Special Ar-
eas of Conservation (Fig. 1): three are located in the
highlands: PLH180001 ‘Ostoja Magurska’ (Central
Beskids), PLC180001 ‘Bieszczady’ (Eastern Beskids),
and PLH060017 ‘Roztocze Srodkowe’ (Roztocze) (at
an average elevation per site of 634, 741, and 266
m above sea level, respectively), and two are located
in the lowlands: PLC200004 ‘Puszcza Bialowieska’
(North-Podlasie Lowland) and PLB280006 ‘Puszcza
Borecka’ (Masurian Lake District) (at an average el-
evation of 166 and 202 m above sea level, respec-
tively). These specific sites were chosen due to their


https://orcid.org/0000-0003-4821-0608
https://orcid.org/0000-0003-4821-0608
mailto:kamil.konowalik@upwr.edu.pl

34 Adrian Wysocki et al.

b=a 4

Russia

100

. Y
L|thuan|a/

H2499m
H—Zm

Elevation

@ Study site

— River

[ Natura 2000 site & Capital

Fig. 1. Distribution of the study sites in the (A) Central-European and (B-C) regional context. The map was created using

QGIS 3.22.6 (QGIS Development Team, 2021)

close resemblance to natural forests and their ability
to capture varying ecological conditions, both under
latitudinal and elevational gradients.

Sampling design and data collection

We actively searched for D. viride on the bark of
living trees. Each time we successfully located this
moss, we documented the co-occurring bryophyte
taxa, phorophyte species on which it grew, and for-
est type of each study site (obtained based on coor-
dinates from the database of the Forest Data Bank
of Poland (State Forests, 2023)). To standardise and
ensure repeatability of the data collection procedure,
we used special linoleum frames temporarily at-
tached to the bark of the tree (no more than once per
individual tree). These frames demarcated bryophyte
vegetation plots with an area of 400 cm? (a square
of 20x20 cm), following the procedure described by
Wysocki et al. (2023).

The nomenclature of vascular plants adheres to
WFO (2023), while phytosociological names and
characteristics of vegetation types follow Mucina et
al. (2016). For bryophytes, we follow the nomencla-
ture of Hodgetts et al. (2020).

Data analysis

We evaluated the affinity of each epiphyte taxon
to a specific forest type and phorophyte species by
quantifying the number of occurrences. In particular,
this allowed us to pinpoint the forest type and phoro-
phyte species where D. viride was most frequently re-
corded, along with the co-occurring bryophyte taxa.
Subsequently, we used the ggsankey package (Sjoberg,
2023) to visualise these associations as a quantita-
tive interaction network.

We constructed two networks based on the num-
ber of co-occurrences of each bryophyte taxa with
D. viride on Fagus sylvatica L. and Carpinus betulus L.,
which were the two most represented phorophytes.
To achieve this, we used the cooccur::pair() function
(Griffith et al., 2016) to analyse the co-occurrence
patterns of D. viride. The networks were built using
the following packages: ggraph (Pedersen, 2022a), ig-
raph (Csardi & Nepusz, 2006), tidygraph (Pedersen,
2022b) and tidyverse (Wickham et al., 2019).

To investigate pairwise co-occurrence interactions
(whether they were positive, negative, or random)
between taxa that form a composition with D. viri-
de within the microhabitats of the bark of E sylvatica
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and C. betulus, we used the cooccur::cooccur() function
(Griffith et al., 2016). This method, based on the
presence-absence community data, categorises spe-
cies pair’s interactions using the probabilistic model
of species co-occurrence by Veech (2013). The algo-
rithm calculates observed and expected frequencies
for co-occurrence between each species pair, consid-
ering the random and independent distribution of
each species. We visualised the results as a matrix
by plotting the object returned from the cooccur::cooc-
cur() function. We performed all statistical analyses
using R version 4.2.2 ‘Innocent and Trusting’ (R
Core Team, 2022).

Results

Habitat and phorophyte preferences

During field research, we documented the pres-
ence of D. viride in 92 bryophyte vegetation plots, lo-
cated in four distinct forest types, and observed on
the bark of seven phorophyte species, co-occurring
with 29 other bryophyte taxa (Figs 2, 3).

In particular, D. viride exhibited the highest fre-
quency in the Fagion sylvaticae Luquet 1926 forests
(temperate European basiphilous beech and mixed
fir-beech forests) and Carpinion betuli Issler 1931

t - 4 - = - .

forests (oak-hornbeam forests found on fertile soils
of cool-temperate Europe), with 66 and 21 occur-
rences, respectively. Additionally, we identified
this species in Piceion excelsae Pawlowski et al. 1928
(boreo-montane spruce forests and subalpine pine
woods with a preference for acidic, nutrient-poor
podzolic soils) and Luzulo-Fagion sylvaticae Lohmeyer
et Tx. in Tx. 1954 (acidophilous beech and mixed fir-
beech forests typical of Central Europe), but much
less frequently (3 and 2 occurrences, respectively).

Regarding phorophyte species, our findings indi-
cate that D. viride predominantly colonised the bark
of E sylvatica and C. betulus, with 62 and 20 occur-
rences, respectively. On the contrary, it occurred less
frequently on Tilia cordata Mill., Acer pseudoplatanus
L., Quercus robur L., Betula pendula Roth, and Acer
platanoides L., with 4, 2, 2, 1, and 1 occurrence(s),
respectively.

Co-occurring species composition
depending on phorophyte species

For the two most represented phorophytes,
namely E sylvatica and C. betulus, the composition
and frequency of co-occurring taxa with D. viride
displayed significant variations, particularly when
examining taxa with co-occurrence rates exceeding

Fig. 2. (A) Dicranum viride on the bark of Fagus sylvatica and its habitats in (B) PLC180001 ‘Bieszczady’ and (C) PLC200004

‘Puszcza Biatowieska’ (photos: Adrian Wysocki, 23 July & 07 August 2022)
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Table 1. Abbreviations of taxa names.

Acronym

Taxon full name

Ble_tri
Bra_sal
Bra_vel
Dic_mon
Dic_sco
Dic_vir
Fru_dil
Hom_ser
Hom_tri
Hyp_cup
Hyp_fil
Iso_alo
Lej_cav
Lew_aff
Lop_het
Met_fur
Ort_pum
Par_lon
Pla_lae
Pla_rep
Pse_att
Pse_ner
Pte_fil
Pti_pul
Pty_mor
Pyl_pol
Rad_com
San_unc
Ulo_bru
Ulo_cri

Blepharostoma trichophyllum (L.) Dumort.

Brachythecium salebrosum (Hoffm. ex EWeber & D.Mohr) Schimp.
Brachytheciastrum velutinum (Hedw.) Ignatov & Huttunen
Dicranum montanum Hedw.

Dicranum scoparium Hedw.

Dicranum viride (Sull. & Lesq.) Lindb.

Frullania dilatata (L.) Dumort.

Homalothecium sericeum (Hedw.) Schimp.

Homalia trichomanoides (Hedw.) Brid.

Hypnum cupressiforme var. cupressiforme Hedw.

Hypnum cupressiforme var. filiforme Brid.

Isothecium alopecuroides (Lam. ex Dubois) Isov.

Lejeunea cavifolia (Ehrh.) Lindb.

Lewinskya affinis (Schrad. ex Brid.) ELara, Garilleti & Goffinet
Lophocolea heterophylla (Schrad.) Dumort.

Metzgeria furcata (L.) Corda

Orthotrichum pumilum Sw. ex anon.

Paraleucobryum longifolium (Hedw.) Loeske

Plagiothecium laetum Schimp.

Platygyrium repens (Brid.) Schimp.

Pseudanomodon attenuatus (Hedw.) Ignatov & Fedosov
Pseudoleskeella nervosa (Brid.) Nyholm

Pterigynandrum filiforme Hedw.

Ptilidium pulcherrimum (Weber) Vain.

Ptychostomum moravicum (Podp.) Ros & Mazimpaka
Pylaisia polyantha (Hedw.) Schimp.

Radula complanata (L.) Dumort.

Sanionia uncinata (Hedw.) Loeske

Ulota bruchit Hornsch. ex Brid.

Ulota crispa (Hedw.) Brid.

Fig. 4. Co-occurrence network of
Dicranum viride with (A) Fagus
sylvatica and (B) Carpinus betu-
lus as phorophytes. The central
black node symbolises D. viride,
the size of the nodes represents
the number of occurrences of
each taxon, and the width of
the edges defines the number
of co-occurrences with D. viride
of each taxon. The names of re-
corded bryophyte taxa are pre-
sented as seven-digit acronyms
(explained in Table 1); taxa with
at least 25% co-occurrence with
D. viride are in bold
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25%. For instance, when considering E sylvatica as
the host tree, the most frequently co-occurring taxa
were (along with the number of co-occurrences in
parentheses) Hypnum cupressiforme var. cupressiforme
(38), Pseudoleskeella nervosa (24), Platygyrium repens
(18), and Metzgeria furcata (17) (Fig. 4A). However,
when C. betulus served as a host tree, the co-occur-
ring taxa featured H. cupressiforme var. filiforme (14),
M. furcata (10), Dicranum montanum (10), and Radula
complanata (7) (Fig. 4B).

Interactions among co-occurring species

Regarding two of the most common tree phoro-
phytes, analysis of co-occurrence patterns revealed
contrasting interactions between taxa associated

o oy,
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Interaction: [l negative [l random [ positive

Fig. 5. Pairwise interactions of taxa co-occurring with Di-
cranum viride on Fagus sylvatica and Carpinus betulus

with D. viride (Table 2; Fig. 5). In particular, a neg-
ative interaction was observed between H. cupressi-
forme var. filiforme and H. cupressiforme var. cupressi-
forme, Plagiothecium laetum, and P. nervosa. Similarly,
D. montanum exhibited negative interactions with
P. nervosa, as did M. furcata with P. laetum and P. ner-
vosa. Furthermore, H. cupressiforme var. cupressiforme
showed negative interactions with R. complanata. In
turn, positive interactions for M. furcata were demon-
strated with Frullania dilatata and H. cupressiforme var.
filiforme. Furthermore, P. repens demonstrated a posi-
tive interaction with H. cupressiforme var. cupressiforme,
while R. complanata exhibited positive interactions
with M. furcata and H. cupressiforme var. filiforme.

Discussion

Recent attention in bryophyte co-occurrence
studies (Ma et al., 2020; Shen et al., 2023; Wysocki
et al., 2023) highlights their potential in elucidating
intricate ecological interactions within cryptogam-
ic plant communities (Wierzcholska et al., 2024).
Identifying species that frequently co-occur with
protected species holds significant conservation val-
ue. However, understanding the interactions that
shape their composition offers deeper insights into
the occurrence patterns of protected species. Our
study revealed that the taxa co-occurring with D. vir-
ide exhibit interactions that may affect their overall
composition depending on the inhabited phorophyte
species. Specifically, D. viride on E sylvatica most often
co-occurred with H. cupressiforme var. cupressiforme,
whereas on C. betulus, it was found mainly in the
presence of H. cupressiforme var. filiforme. Although H.
cupressiforme var. cupressiforme is an ubiquitous taxon

Table 2. Results of the analysis of interactions between taxa co-occurring with Dicranum viride on Fagus sylvatica and Carpi-
nus betulus. Abbreviations: tx1 name, the name of the first compared taxon; tx2_name, the name of the second com-
pared taxon; tx1_inc, the number of sites that have first taxon; tx2_inc, the number of sites that have second taxon;
obs_coocc, observed number of sites having both taxa; p_lt, p-value for probability that the two taxa would co-occur
at a frequency less than the observed number of co-occurrence sites if the two taxa were distributed randomly (in-
dependently) of one another; p_gt, p-value for probability of co-occurrence at a frequency greater than the observed
number of co-occurrence sites if the two taxa were distributed randomly (independently) of one another. Statistically

significant results are shown in bold

tx1_name tx2_name tx1_inc tx2_inc  obs_coocc p It p_gt
Frullania dilatata Metzgeria furcata 5 27 5 1.000 0.003
Hypnum cupressiforme var. cupressiforme Hypnum cupressiforme var. filiforme 42 21 0 0.000 1.000
Hypnum cupressiforme var. cupressiforme Platygyrium repens 42 19 14 0.994 0.023
Hypnum cupressiforme var. cupressiforme Radula complanata 42 12 3 0.048 0.990
Hypnum cupressiforme var. filiforme Pseudoleskeella nervosa 21 25 1 0.002 1.000
Hypnum cupressiforme var. filiforme Metzgeria furcata 21 27 11 0.992 0.028
Hypnum cupressiforme var. filiforme Plagiothecium laetum 21 10 0 0.042 1.000
Hypnum cupressiforme var. filiforme Radula complanata 21 12 7 0.999 0.010
Pseudoleskeella nervosa Metzgeria furcata 25 27 4 0.026 0.994
Pseudoleskeella nervosa Dicranum montanum 25 21 1 0.002 1.000
Metzgeria furcata Plagiothecium laetum 27 10 0 0.012 1.000
Metzgeria furcata Radula complanata 27 12 7 0.989 0.048




The role of phorophyte species and interspecific interactions in co-occurrence patterns... 39

with broad ecological amplitude and no specific af-
finities to the wood substrate (Dier8en, 2001), H.
cupressiforme var. filiforme is a specialised epiphyte
(Barkman, 1958; Cieélinski et al., 1996; Stebel &
Zarnowiec, 2014; Skowron & Wotkowycki, 2022).
Both taxa significantly influenced the co-created
composition when co-occurring with D. viride. For
instance, P. nervosa, the second most common co-oc-
curring species with D. viride on E sylvatica, was much
less frequent on C. betulus. This decrease in frequen-
cy can be attributed to negative interactions with H.
cupressiforme var. filiforme, a taxon with much longer
stems (Hill et al., 2007). Given that P. nervosa is the
most photophilic taxon in the studied group (Hill et
al., 2007), its exclusion may result from the inabil-
ity to gain sufficient access to light. In contrast, P,
repens, a species that exhibits a positive interaction
with H. cupressiforme var. cupressiforme was recorded
much more frequently on E sylvatica than on C. bet-
ulus. Although both taxa have similar size and form
smooth, dense mats, P. repens is less light-demanding
(Hill et al., 2007). The presence of H. cupressiforme
var. cupressiforme may facilitate its presence, as they
can collaboratively form a compact mat without com-
peting for resources, thus resisting being overgrown
by more competitive species such as Dicranum scopar-
ium and D. montanum. These species are known for
their robust growth and ability to form dense turfs
that can dominate the substrates on which they grow
on (Barkman, 1958; Dier8en, 2001). Metzgeria furca-
ta is the species with the highest number of inter-
actions: two negative (with P. nervosa and P. laetum)
and two positive (with H. cupressiforme var. filiforme
and E dilatata). Taxa with which it exhibits negative
interactions were observed more frequently on E syl-
vatica than on C. betulus. In contrast, taxa that posi-
tively influence it were more prevalent on C. betulus,
reflecting in the higher frequency of co-occurrence of
M. furcata with D. viride on C. betulus compared to E
sylvatica. A similar pattern emerges with R. complana-
ta, a species that co-occurred less frequently with D.
viride on E sylvatica than on C. betulus. This difference
arises from its negative interaction with H. cupressi-
forme var. cupressiforme and positive interaction with
H. cupressiforme var. filiforme.

Our work was carried out according to the current
nomenclature for mosses by Hodgetts et al. (2020),
who distinguish H. cupressiforme var. cupressiforme
and H. cupressiforme var. filiforme as two separate taxa
and is also supported by Terracciano et al. (2012).
However, other studies (Ando, 1992; Kucera et al.,
2019) suggest that they may only represent habitat
specialisation. Our research, along with the studies
by Bardat & Hugonnot (2002) and Gréaume et al.
(2023), highlights the ecological significance of both
H. cupressiforme var. cupressiforme and H. cupressiforme
var. filiforme in the context of D. viride and co-created

communities. Nevertheless, their taxonomic status
is still unclear due to limited molecular support,
presenting two possible interpretations: (1) they are
two different taxa with different habitat preferences
or (2) they are habitat modifications within a single
taxon. If we consider them as two separate taxa, this
would imply distinct habitat preferences, suggest-
ing that they exert negative interactions with each
other and play different ecological roles within their
respective habitats. In contrast, if these are habitat
modifications of the same taxon, then the different
modifications observed are the result of environmen-
tal conditions rather than intrinsic taxon differenc-
es. In this case, the apparent negative interactions
between the modifications would be environmental
effects, and both modifications would be responses
to habitat conditions rather than true interspecific
competition. Further molecular studies are needed
to resolve this taxonomic ambiguity. Regardless of
the chosen interpretation, our findings, derived from
the application of probabilistic models (which enable
systematic analysis of interspecific interactions on
community structure independent of environmental
variables), indicate that these interactions significant-
ly shape the composition of D. viride communities.
The varying frequency of D. viride across different
forest types, particularly its prevalence in Fagion syl-
vaticae and Carpinion betuli, along with its affinity for
specific phorophyte species, underscores its strong
association with specific host environments. This
epiphytic moss implements various mechanisms to
occupy the available niches, depending on the spe-
cies of inhabited phorophyte (Wysocki et al., 2023).
Its life strategy, which includes asexual propagation
through leaf fragments, is the factor that likely im-
pacts its phorophyte preferences (Gréaume et al.,
2023; Wysocki et al., 2023) and dispersal abilities
(Hallingbéck, 2002; Wierzcholska et al., 2020). De-
spite its specific microhabitat requirements, the his-
tory of land management also influences its presence
(Baisheva et al., 2013). The limited dispersal ability
of D. viride highlights the need to conserve of contin-
uous forest stands to support its long-term survival
(Mezaka et al., 2023). Furthermore, the importance
of regional connectivity in its probability of coloni-
sation underscores the importance of maintaining
stepping-stone habitats for its persistence (Percel
et al.,, 2024). The challenges faced by the conser-
vation of D. viride emphasise the need to establish
microreserves and implement long-term monitoring
programmes (Mezaka et al., 2024). Discerning the
habitat preferences of protected species has substan-
tial implications for conservation practices (Weir &
Collins, 2015). Therefore, by identifying and prior-
itising potentially valuable habitats for these species,
conservation programmes can more efficiently allo-
cate resources, focusing on preserving and restoring
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crucial habitats for the survival of D. viride and other
endangered or rare species. This targeted approach
ensures a more informed and proactive conservation
strategy, ultimately safeguarding ecosystems essen-
tial for the long-term survival of multiple species.

Focusing on habitat requirements and protection
of an umbrella species allows conservation initia-
tives to indirectly protect numerous other species
that share similar ecological niches. The concept of
umbrella species is exemplified by another epiphyt-
ic organism, Lobaria pulmonaria (L.) Hoffm., a lichen
that also plays a critical role in forest ecosystems
(Scheidegger & Werth, 2009; Whittet & Ellis, 2013;
Nadyeina et al., 2014). Similarly to D. viride, L. pul-
monaria has been recognised for its ability to influ-
ence conservation strategies and forest management
(Paoli et al., 2019; Bianchi et al., 2020). The strategic
application of zonal protection, as for L. pulmonar-
ia (see, e.g., Juriado & Liira, 2010; Czarnota et al.,
2023), can similarly benefit D. viride, ensuring the
preservation of habitats critical not only to this moss
but also to the broader biodiversity within these
ecosystems. Therefore, the implementation of zonal
protection for this valuable moss should be consid-
ered as an effective strategy in modern forest man-
agement practices. Studying co-occurrence patterns
elucidates the broader ecological network reliant on
the presence and distribution of the umbrella spe-
cies. Investigating the co-occurrence patterns of D.
viride within European woodlands is therefore cru-
cial. It improves our understanding of its ecology and
supports effective conservation strategies, providing
a comprehensive understanding of the woodland
ecosystem as a whole.

Conclusions

Our research sheds light on the pivotal role of D.
viride as an umbrella species in European woodlands,
demonstrating its pronounced prevalence in certain
forest types and its affinity for particular phorophyte
species. This emphasizes the dependence of the spe-
cies on its specific host environment and underscores
the importance of understanding habitat preferences
for effective conservation strategies.

The co-occurrence patterns revealed in our re-
search elucidate the complex ecological network
surrounding D. viride. By understanding the inter-
actions among co-occurring taxa, we gain valuable
insights into the factors shaping the composition of
these communities. These interactions often occur
within specialised forest types, such as Fagion sylvat-
icae and Carpinion betuli, which are mature, climax
communities providing essential ecosystem servic-
es. Our findings underscore the broader ecological
impact of conserving D. viride, which, by promoting

the integrity of these habitats, indirectly supports
the conservation of numerous associated species.
Many of these, while common, rely on the continued
existence and health of forest ecosystems that are
increasingly threatened by human activities. There-
fore, protecting D. viride is not only about preserving
a single species of moss, but also about protecting
the intricate network of life that depends on these
forest ecosystems.

In practical terms, our research supports the im-
plementation of zonal protection for D. viride as an
effective tool in modern forest management. This
approach specifically addresses the need to preserve
habitats crucial to its survival and the diverse taxa
with which it coexists, highlighting the need for tar-
geted conservation initiatives. This protective meas-
ure is vital to maintaining biodiversity, ecological
balance, and the resilience of forest habitats, par-
ticularly those of the highest ecological value. Zonal
protection may not only help to preserve this target
species, but also strengthen the ecological integrity
of the entire forest system.
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