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Based on the Nature Conservation Act, the rare fen moss Hamatocaulis vernicosus (Bern
Convention, EU habitat directive) is protected in more than 500 Natura 2000 territories
of Europe. Knowledge on its ecology is required to ensure favourable conservation status,
meanwhile data from specific regions is still insufficient. The aim of this study was to high-
light habitat characteristics specific at the junction of boreal and continental biogeograph-
ical regions. The data of 63 study plots included cover and abundance of the plant species,
water parameters (conductivity, pH, and concentrations of Ca**, Fe’*, K, Mg**, NH,", NO,’,
and PO,”), topography type and microrelief form. The specific features both in terms of
water parameters and vegetation were ascertained. The habitats showed wide variation and
high amounts of electrical conductivity, calcium, iron and magnesium. Most associated
species were Carex diandra, C. rostrata, Menyanthes trifoliata, and Calliergonella cus-
pidata. The highest restriction with the most frequent plant communities showed March-
antia polymorpha, Plagiomnium ellipticum, and Rumex acetosa. Thus, the study confirms
the general trends known for the habitat preferences of H. vernicosus and highlights the
regionally based characteristics related to both water physical-chemical parameters and
vegetation. To ensure favourable status of H. vernicosus throughout Europe, conservation
measures that consider the particular features of the regional habitats should be applied.

Introduction

The rare fen moss Hamatocaulis vernicosus is
a circumboreal species that is widespread in
Europe (Hill et al. 1994). Usually, H. vernicosus
grows in mineral-rich environments but avoids
calcium-rich fens (Hedends 1989). Such specific
habitats occur in different numbers and qualities
throughout Europe. From the first half of the 20th
century, when Europeans started to drain fens
and convert arable land intensively, they experi-
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enced a severe decline (Lamers et al. 2015, Joos-
ten et al. 2017). Apart from habitat destruction
by drainage, fens are also permanently threat-
ened by eutrophication and acidification (Lamers
et al. 2015, Kooijman et al. 2020), factors which
have resulted in a decline in H. vernicosus popu-
lations (Stechova and Kugera 2007).

Considering the general rarity of H. vernico-
sus and the threats to its habitats, this species
was listed in the Convention on the Conserva-
tion of European Wildlife and Natural Habitats
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(Bern Convention) (Council of Europe 1979).
Later, similar to many species in the Conven-
tion, H. vernicosus was included in Annex 2 of
the EU Habitats Directive (European Commis-
sion 1992). Under the Natura 2000 network,
H. vernicosus is now protected in 522 territories
in 21 countries of Europe. The largest number
of NATURA territories where H. vernicosus is
protected is in Finland (more than 90 terri-
tories) and Sweden (79) (boreal region) and
in Germany (68) and Poland (60) (continen-
tal region) (EEA, 2019). Lithuania contains
33 Natura 2000 territories protecting populations
of H. vernicosus, which is more than those in
not only other Baltic countries (Latvia (26) and
Estonia (13)) but also many other European
countries (France (27), Czech Republic (22),
Denmark (15), Ireland (9), Romania (9) and
others). Hamatocaulis vernicosus is included in
many national red lists. This species is further
categorised as endangered or critically endan-
gered, in Germany, the Netherlands, Slovakia,
and Spain. In seven countries (Austria, Bulgaria,
Czech Republic, Latvia, Norway, and Romania)
including Lithuania, the species is treated as vul-
nerable; in Finland, Great Britain, Ireland, North-
ern Ireland, Slovakia, Sweden, and Switzerland
H. vernicosus is considered a near-threatened
species; and in Luxemburg, it is thought to be
regionally extinct (Hodgetts and Lockhart 2020).

The special status of H. vernicosus in Europe
in recent years has attracted particular atten-
tion for its ecology and the distribution pattern
and abundance of its populations across differ-
ent countries to ensure favourable conservation
status of the species (Hodgetts ef al. 2019b). The
first information obtained on the habitat require-
ments of H. vernicosus was based on results
from Northern Europe in Hedends (1989, 2003)
and Hedenis and Kooijman (1996). Recently, the
most exhaustive data on the species have been
from Central Europe, covering various aspects of
its habitat conditions and statuses of its popula-
tions (Stechova and Kusera 2007, Stechova e al.
2008, 2010, 2012). In addition, some data on the
habitat characteristics of the species (e.g., pH and
vegetation) were included in national reports of
Ireland (Campbell et al. 2013, 2015, 2019) and
Spain (Heras and Infante 2000). Sometimes, H.
vernicosus has also been included in various sur-
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veys of fens, specifically in terms of hydrology,
surface water chemistry (Belland ef al. 1995,
Jabtonska ef al. 2011, Cusell et al. 2013, 2015,
Pawlikowski et al. 2013, Mettrop et al. 2014,
2015, 2018, Vicherova et al. 2015, Kooijman et
al. 2020) and vegetation (Navrdtilova et al. 2006,
Dité et al. 2007, Hajek et al. 2008, 2021, Peterka
etal. 2014,2017, Udd et al. 2015). Despite stud-
ies showing that habitats of this species differ
among regions, the amount of data from specific
regions, except Central Europe, is still insuffi-
cient, providing only very common and uneven
characteristics of the habitats.

The high number of H. vernicosus localities
occurring in Lithuania provides an opportunity
to study the species in relatively defined areas in
a wide range of habitats at the junction of boreal
and continental biogeographical regions, where
the highest number of H. vernicosus populations
occur in Europe. With the task of identifying
habitat preferences of H. vernicosus we aimed
to highlight their characteristics specific to this
particular region. In addition, we tested the fol-
lowing hypothesis: 1) H. vernicosus abundance
would be lower in habitats with increasing Ca**
concentrations, as mentioned by Hedenas (1989,
2003); and 2) the concentration of PO, would
be related to a higher cover of H. vernicosus,
as established by Pawlikowski et al. (2013) and
Mettrop et al. (2018).

Material and methods
Study area

Lithuania (65.3 x 10° km?) is situated on the
southeastern coast of the Baltic Sea. The main
characteristics of its mild climate (between cen-
tral latitude oceanic and continental climates)
are as follows: the average annual precipitation
is 675 mm, the hydrothermal coefficient (HTC)
is 1.3-1.9 and the mean annual air temperature
is 6.2°C (Bukantis ef al. 2001). Lithuania occurs
at the junction of two biogeographical regions:
boreal (most of the country) and continental
(southern and southwestern parts of the country)
(Roekaerts 2002).

In Lithuania, lowlands cover 50% of the area,
hilly uplands cover 21%, and plateaus cover
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Fig 1. Distribution of the study plots.

29% (Kudaba 1983). Peatlands occupy approxi-
mately 9.9% of the territory of Lithuania. As a
result of drainage and transformation of land to
agriculture since the beginning of the 20th cen-
tury, approximately 70% of the peatlands have
been disturbed, or their natural processes have
been interrupted. Therefore, relatively natural,
not directly drained lands make up only one-
third of the peatlands that have survived in their
original forms. Fens are the most drained peat-
lands. Natural fens currently cover 346.76 km?
(0.53% of the territory). In addition, transitional
mires cover 73.42 km? (0.11% of the territory)
(Povilaitis et al. 2011).

The most valuable fens and transitional
mires, considered habitats of European impor-
tance, cover approximately 80 km?: 7140 Transi-
tional mires and quaking bogs cover 65.15 km?,
7160 Fennoscandian mineral-rich springs and
spring fens cover 3.96 km?, 7210 Calcareous
fens with Cladium mariscus cover 0.79 km?,
and 7230 Alkaline fens cover 9.61 km? (Gamtos
tyrimy centras 2015).

Hamatocaulis vernicosus is known to occur
in 180 mires in Lithuania and is mostly located
in southern and eastern parts of the country
(Jukoniené 2021). This species is protected in
33 Natura 2000 territories (approximately 1 ter-
ritory/2000 km?).

Vegetation and environmental sampling

The field study was performed in June—August
of 2014-2019 at 32 study sites (Fig. 1), which

represented almost 20% of all known (including
recently destroyed) locations of H. vernicosus in
Lithuania.

At each study site, depending on the habitat
diversity and distribution of H. vernicosus in
the mire, one to seven 4 m x 4 m study plots
(Stechova and Kuéera 2007) were established
(63 study plots in total). For each study plot, the
following parameters were recorded:

a) Percentage cover of tree and shrub, herb and
bryophyte layers and cover of H. vernicosus.

b) Cover and abundance (by Braun-Blanquet
(1964) scale) of all vascular plant and bryo-
phyte species (in subsequent analyses, cover-
abundance values of the Braun-Blanquet scale
were transformed into percentage cover values
following Maarel (1979)).

¢) Water physical (pH, conductivity) and chemi-
cal parameters: concentrations of Ca**, NH/,
NO," and Fe** from 56 study plots, 27 of them
had additional parameters of K*, Mg*, and PO *.
Conductivity and pH were measured in situ using
a portable instrument (Multi 3501, WTW, Ger-
many). Water samples for chemical analyses were
taken in autumn and frozen until chemical analy-
sis. The analysis was performed in an accred-
ited laboratory UAB "EKOMETRIJA". In the
laboratory, spectrophotometrical methods were
used for the measurements of Fe** (method: ISO
6332:1995), K* (ISO 9964-3:1998), NH," (ISO
7150-1:1998),NO, (ISO 7890-3:1998), and PO *
(EN ISO 6878:2004), while titrimetric analysis
was used for the measurements of Ca?* (ISO
6058:2008) and Mg* (ISO 6059:2008).

d) Characteristics of topography: depending on
the prevailing microrelief forms and water table
level, we assigned the study plots to the follow-
ing six types of topography (Table 1).

To ascertain the distribution of H. vernicosus
under the various microsite conditions in every
study plot (in its corners and in the middle),
five subplots of 0.5 m x 0.5 m were arranged
(315 subplots in total). For each of them, we
recorded the percentage cover of trees and
shrubs, herb and bryophyte layers and the per-
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centage cover of each vascular plant and bryo-
phyte species. Five forms of microrelief were
distinguished (Table 2).

The subplot included one form of microrelief
that was predominant. In the case when the sub-
plot covered two different microrelief forms, the
predominant form was taken into account.

The nomenclature of the bryophytes followed
Hodgetts et al. (2020), and the nomenclature of
the vascular plants followed the World Checklist
of Vascular Plants (WCVP) (2021).

We treated H. vernicosus as one species
here, though recent molecular evidence revealed
that H. vernicosus is a complex of two cryptic
species: clade 1 (southern cryptic species) and
clade 2 (northern cryptic species) (Hedends and
Eldends 2007, Hedends 2018). Different patterns
of genetic variation in both cryptic species were
assessed in the studies in the Czech Repub-
lic (Manukjanova et al. 2020). According to
Hedends (2018a), cryptic species of H. vernic-
osus require special consideration in biodiver-
sity conservation. Although genetically differ-
ent, the species seem morphologically identical
(Hedends and Eldends 2007, Manukjanova et
al. 2019a). They are neither different in their
sex expression nor sex ratio (Manukjanova et al.
2019b). In addition, no differences in their habi-
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tat preferences were found (Hedenids and Eldenis
2007, Manukjanova et al. 2019a). Consequently,
in the species conservation, including redlists,
action plans and monitoring, both at European
and national levels, and in ecological and veg-
etation surveys (see references cited above), H.
vernicosus as a complex of cryptic species is
considered. This is the extent to which the spe-
cies is treated in our paper.

Data analysis

Two data matrices were used to classify the
study plots according to: a) water physical-
chemical; and b) vegetation parameters. A matrix
of six environmental variables (pH, conductiv-
ity, Ca*, Fe'', NH/, and NO,) from 56 stud-
ies was used for hierarchical cluster analysis
(HCA). Concentrations of K*, Mg** and PO,*
were excluded from hierarchical cluster analy-
sis, due to the lack of data from 51% of study
plots. These parameters (alongside with pH,
conductivity, Ca*, Fe*', NH,", and NO,) were
included into subsequent analyses to assess their
variation among environmental groups. HCA
was performed with PAST statistical software,
ver. 3.20 (Hammer et al. 2001) to categorise the

Table 1. Topography types distinguished in the habitats of H. vernicosus.

Topography types Characteristics

Pools or deep hollows occupy more than 50% of the plot

2 Lawns with negligible microtopography, where the water table on the peat surface par
tially covers the moss layer and usually occurs on a logged flood plain adjacent to a
river, stream or lake

3 Lawns with negligible microtopography, where the water table is below peat

4 Area with abundant hummocks and the hollows (depressions) are formed by water flows

5 Patches of mosses (mostly lawns and low hummocks) surrounded by water flows

6 High Sphagnum hummocks surrounded by fen vegetation

Table 2. Microrelief forms distinguished in subplots.

Microrelief forms Characteristics

Shallow hollows

abhbwON =

Deep hollows, including pools

Lawns (small elevations up to 5 cm were assigned to lawns)
Low hummaocks (up to 20 cm)
High hummaocks (higher than 20 cm)




BOREAL ENV. RES. Vol. 27 « Habitat preferences of Hamatocaulis vernicosus 85

study plots with similar water physical-chemical
parameters. The UPGMA method was used, and
Euclidean distance was chosen as a measure
of this similarity. The species matrix contained
information on 63 study plots, and abundance
data for 159 species were used for the modified
TWINSPAN classification (Hill 1979). TWIN-
SPAN was implemented in JUICE software and
used to compare plant communities and define
the most characteristic species for vegetation
groups. To evaluate the fidelity of diagnostic
species to vegetation groups, the phi-coefficient
was calculated.

The normality of the data distribution was
evaluated using the Kolmogorov-Smirnov test.
One-way ANOVA was used to examine the dif-
ferences in the water physical-chemical parame-
ters (pH, conductivity, Ca**, Fe’*,K*, Mg*", NH ,
NO,, and PO,*) between environmental groups
(produced from hierarchical cluster analysis), as
well as to identify significant differences in the
cover of H. vernicosus among ecological and
vegetation groups and between topography types
and microrelief forms. The data that showed a
non-normal distribution (cover of H. vernicosus,
and concentrations of NH,",NO,” and Fe’") were
In-transformed to reduce skewness and provide
an approximate normal distribution to meet the
assumptions of ANOVA. Tukey’s HSD post hoc
multiple comparison test was used to examine
differences.

Differences in the frequency of vegetation
and ecological groups and frequency of topogra-
phy types between the ecological and vegetation
groups were evaluated by Pearson's chi-squared
() test.

Since the distributions of most vegetation
data sets (percentage cover of the bryophyte
layer and cover of most plant and bryophyte spe-

cies per study plot and subplot) were non-nor-
mally distributed, the non-parametric Spear-
man correlation was used to assess correlations
between the cover of H. vernicosus and vege-
tation parameters ascertained in both the study
plots and subplots. Calculations were performed
using SPSS software (version 16). All p values
of less than 0.05 were considered statistically
significant.

Results

Characteristics of Hamatocaulis
vernicosus habitats

Water physical-chemical parameters and
topography

The characteristics of the physical-chemi-
cal parameters of the water of the habitats of
H. vernicosus are summarised in Table 3. The
mean water pH in the habitats of H. vernico-
sus was near a neutral pH of 6.9, ranging from
acidic (pH 5.9) to slightly alkaline (pH 7.5).
The total conductivity in the study plots ranged
from 95.6 puS/cm to 542 pS/cm. Water chemi-
cal parameters across analysed habitats showed
wide variation. Concentration values of Fe’*,
K*, PO, and NH," varied markedly between the
study sites, and the values differed more than
10 times from the minimum to the maximum
values. At the same time, the concentrations of
Ca*, NO, and Mg*" did not show such a wide
variation in values.

Hierarchical cluster analysis (HCA) catego-
rised the study plots with similar water charac-
teristics into several groups. First, the cluster
analysis resulted in two groups: A (11 study

Table 3. Characteristics of water physical-chemical parameters.

pH Conductivity ~ Ca** Mg?* Fe3* K* PO % NH,* NO,
Measurements (uS/cm) (mg/l) (mg/l) (mg/l)  (mg/l) (mg/l)  (mg/l) (mg/l)
Min 5.9 95.6 15.2 5.4 0.07 0.8 0.02 0.02 0.01
Max 7.5 542.0 96.6 47.2 11.80 16.9 0.20 4.57 0.59
Mean 6.9 315.9 54.9 21.9 1.80 4.0 0.06 0.77 0.12
SD 0.3 112.4 19.9 9.2 2.90 3.8 0.06 1.00 0.11
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Fig 2. Values of water physical-chemical parameters across the ecological groups (A, B1, and B2). Different let-
ters show significant differences (one-way ANOVA, Tukey’s HSD test). The values of Fe*, NH,*, and NO_ were

In-transformed.

plots) and B (45), with similar physicochemi-
cal characteristics. For a detailed analysis, we
selected two clusters with a lower hierarchical
order of cluster B (namely, groups Bl and B2)
and cluster A (group A). Values of the water
parameters across the different groups are pre-
sented in Fig. 2. All three groups (A, B1, and B2)
were significantly different in terms of electrical
conductivity (one-way ANOVA, F, = 79.18,
p = 0.000) and concentration of Ca*" (one-way
ANOVA, F, ;= 20.17, p = 0.000). No sig-
nificant differences were revealed among the
ecological groups in terms of pH or amounts of
K, NH,", NO,, and PO 43'. Group A represented
slightly alkaline, mineral-rich (Ca-rich, Mg-rich
and Fe-rich) habitats. Habitats in group B1 were
characterised by weakly acidic-neutral condi-

tions and lower concentrations of Ca**, Mg?* and
Fe** and conductivity values. Group B2 mostly
represented habitats with moderate values of
the chemical parameters, and the habitats in this
group had a wide range of most parameters (pH,
Ca*, Fe*', K, and PO,*) and were significantly
different from those in group A in that they had
lower concentrations of magnesium.

The most frequently recorded topography
types in the H. vernicosus habitats were lawns
with surface water and hummocky areas (46%
and 21%, respectively). The other types of
topography were reported in only one-third of
all studied plots. Hamatocaulis vernicosus was
rarely recorded in fens characterised by lawns
with water levels beneath peat surfaces (11%)
and in fens where moss patches were surrounded
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by water flushes (10%). The two types of topog-
raphy that contained fens with prevailing pools
and deep hollows (6%) and fens with abundant
high hummocks (6%) were the least distributed
among the study plots. The distribution of the
topography types between the ecological groups
did not show significant differences (y? = 11.6,
p =0.3).

Vegetation characteristics

Habitats of H. vernicosus had well-developed
bryophyte and herb layers, and tree and shrub
layers were scarce (Table 4).

A total of 159 plant species were recorded
across the 63 study plots. Species richness
ranged from 18 to 43 species per study plot and
from 6 to 21 species per subplot. The vascu-
lar plant species most associated H. vernicosus
habitat were Carex diandra (registered in 85.4%
of all study plots), C. rostrata (81.8%), Men-
yanthes trifoliata (81.8%), Epilobium palustre
(78.2%), and Cardamine pratensis (74.5%), and
the most associated bryophyte species included
Calliergonella cuspidata (87.2%), Marchantia
polymorpha (63.6%), and Ptychostomum pseu-
dotriquetrum (60%).

The main differences in species composi-
tion in the three vegetation groups (Ia, Ib and
1) resulting from TWINSPAN are presented
in Table 5. In all study plots of the Ia group,
Campylium stellatum, Carex lepidocarpa, Scor-
pidium cossonii and Trichophorum alpinum
were recorded. The indicator species of group
Ib in 16 study plots were Calliergon gigan-
teum, Peucedanum palustre, Salix aurita, and
S. rosmarinifolia. Common species for groups

Ia and Ib that resulted in their differentiation
from group Il were Carex lasiocarpa, C. limosa,
Vaccinium oxycoccos and Peucedanum palustre.
Group II contained the largest number of study
plots (41) and was characterised by Cardamine
pratensis, Comarum palustre, Epilobium palus-
tre, Festuca rubra, Marchantia polymorpha,
Myosotis scorpioides, Plagiomnium ellipticum,
and Rumex acetosa. The species Carex rostrata,
Caltha palustris, and Galium uliginosum were
recorded only in groups Ib and II, although they
were initially assigned to different groups.

Vegetation  groups  were  differently
(> = 1484, p = 0.05) distributed among the
ecological groups (Fig. 3), some of them being
in close relationship with water parameters. Veg-
etation group la was exceptionally associated
with ecological group B2. The group Ib covered
ecological groups B1 and B2. Study plots from
vegetation group Il contained all the ecological
groups (A, B1, and B2).

Moreover, the vegetation groups were dis-
tributed differently (y° = 49.23, p = 0.00) among
the topography types. Vegetation group Ia
occurred only in the lawns with a water table
below the peat surface. Vegetation group Ib was
more specific to the lawns with surface water
and the most abundantly occurring vegetation
was group II, which occurred in the study plots
of almost all the topography types.

Abundance of Hamatocaulis vernicosus

The abundance (percentage cover) of H. vernico-
sus in the study plots varied from 0.5% to 62.5%;
however, the maximum values were obtained
only in four study plots. The percentage cover of

Table 4. Vegetation characteristics of the study plots/subplots.

Statistics Cover of trees Cover of herbs (%)  Cover of Number of Number of
and shrubs (%) bryophytes (%)  vascular plant bryophyte

species species
species species

Min 0/0 40/8 40/3 12/3 41

Max 40/85 100/100 100/100 34117 12/8

Mean 6.45/2.5 73.96/58.43 83.05/76.67 21.31/9.8 7.62/3.7

SD 1.48/0.53 1.76/1.21 1.90/1.32 0.69/0.16 0.28/0.07
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Fig 3. Distribution of veg-
etation groups (la — blue,
Ib — green, Il — yellow colour)
among the ecological groups
(A, B1, and B2).

Table 5. Synoptic table (after TWINSPAN classification) of percentage frequency (constancy) and fidelity (phi coef-
ficient x 100, upper indices). Only diagnostic species for specific vegetation groups with phi coefficients = 0.30 are
shown in the table.

Vegetation groups la Ib l
Number of relves 6 15 42
Campylium stellatum 100 8 31 2.4
Carex lepidocarpa 100 657 50 12.19
Scorpidium cossonii 100 “&4 25 4.8
Trichophorum alpinum 100 787 43.8 2.4
Calliergon giganteum 25 87.5 452 41
Comarum palustre - 87.5 824 9.7
Peucedanum palustre 33 75 671 14.6
Salix aurita - 62.5 694 9.7
Salix rosmarinifolia 16.6 87.5 %3 4.8
Agrostis stolonifera 16.6 56.25 80.4 342
Cardamine pratensis 16.6 50 90 515
Epilobium palustre 33.3 73.3 85 426
Festuca rubra - 6.25 52.5 457
Helodium blandowii - - 70 307
Marchantia polymorpha - 37.5 87.5 606
Myosotis scorpioides — 6.25 78 %29
Plagiomnium ellipticum 16.6 37.5 50 ¢
Rumex acetosa 16.6 6.25 75°%
Others most frequent species in study plots
Carex diandra 100 80 88
Carex rostrata - 80 92.8
Caltha palustris - 62.5 87.8
Epipactis palustris 66.6 53.3 85.7
Galium palustre 66.6 80 78.5
Galium uliginosum - 33.3 71
Menyanthes trifoliata 100 93.3 80.9
Aulacomnium palustre 66.6 40 57.1
Calliergonella cuspidata 66.6 93.3 90.4
Ptychostomum pseudotriquetrum 50 66.6 52.3
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Fig 5. Cover of H. vernicosus in plots with different
topography types (see Material and methods for defini-
tions). Different letters indicate significant differences
(one-way ANOVA, Tukey’s HSD test). The cover of H.
vernicosus was In-transformed.

H. vernicosus in the subplots varied more widely
from 0% to 95%, and the mean cover of H. ver-
nicosus in the subplots was 28.4% (+ 1.8 SD).

The analysis of the relationship between
H. vernicosus abundance and environmental and
vegetation properties showed similar correlations
in the study plots and subplots. In the study plots
and subplots, the cover of H. vernicosus was posi-
tively correlated with the development of the bryo-
phyte layer (» = 0.36, n = 63) and negatively cor-
related with that of herbs (r, = -0.4, n = 63). The
same trend with weaker correlations was deter-
mined to occur in the subplots. The only species
that showed a correlation with the abundance of H.
vernicosus was Menyanthes trifoliata (r, = —0.4,
n = 63), while in the subplots, H. vernicosus
positively correlated with Carex diandra (r,= 0.3,
n = 116). Negative correlations were found at the
subplot level for cover of H. vernicosus and bryo-
phyte species Marchantia polymorpha (r, = —0.18,
n = 124) and Calliergonella cuspidata (r, = —0.20,
n = 287), but this correlation was very weak.

Vegetation groups

b
K3
Fig 4. Cover of H. vernicosus among the ecologi-
cal groups (left) and the vegetation groups (right).
11 Different letters indicate significant differences

(one-way ANOVA, Tukey’s HSD test).

One-way ANOVA revealed significant differ-
ences in H. vernicosus abundance among the dif-
ferent groups of the study plots as distinguished by
environmental (one-way ANOVA, F, = 5.139,
p = 0.009) and vegetation parameters (one-way
ANOVA, F, = 14.811, p = 0.000) (Fig. 4).

The analysis of the distribution of H. vernic-
osus showed significant differences in the mean
abundance of the species among the topography
types (one-way ANOVA, F, . =7.103, p = 0.000)
(Fig. 5). The species was most abundant in the
study plots with lawns with surface water and in
fens with abundant low hummocks.

Analysis of subplot data revealed that
H. vernicosus most frequently occurred in shallow
hollows and lawns and was very rare or undetect-
able in the deep hollows and on high hummocks

(Fig. 6).

Discussion

Our survey of H. vernicosus habitats, in addition
to confirming the general trends identified in
previous studies, highlights the regionally based
characteristics related to both water physical-
chemical parameters and vegetation.

Water physical-chemical parameters and
topography

Research conducted in Central Europe has gen-
erally shown that areas of H. vernicosus habitats
are slightly acidic to weakly alkaline (Stechové
and Kucera 2007, Stechové et al. 2008, 2010,
2012, Pawlikowski et al. 2013). A wide range of
pH values was recorded in Ireland (pH 5.1-7.5
(Campbell et al. 2013, 2015, 2019)) and in
Sweden (pH 5.4-7.8 (Hedenids 2003)). The range
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Fig 6. Frequency (left) and abundance (right) of H. vernicosus in subplots with different microrelief forms (1 — deep
hollows; 2 — shallow hollows; 3 — lawns; 4 — low hummocks). Different letters indicate significant differences
(one-way ANOVA, Tukey’s HSD test). The cover of H. vernicosus was In-transformed.

of pH in this study (pH 5.9 —7.5) was within the
limits recorded in different regions of Europe.
However, we determined that H. vernicosus to
be most frequent (< 85% of all study plots) in
fens with a water pH of 6.5-7.3 and the mean
pH value (6.9) was slightly higher than that men-
tioned for most of the regions, and the value in
this study is more in line with the results obtained
by Pawlikowski et al. (2013) in Poland. More-
over, the habitats from Lithuania like those from
Poland (Pawlikowski et al. 2013) show a wide
range and high values of electrical conductivity.
On the other hand, the recordings of electrical
conductivity from other European H. vernicosus
habitats were lower (Hedends 2003, Hedenis and
Kooijman 1996, Stechova and Kucera 2007, Ste-
chova et al. 2012).

It is a complicated process to compare water
chemistry with data published from other Euro-
pean regions because the data are either very
minimal or vary greatly (Hedends 1989, 2003,
Hedenids and Kooijman 1996, Heras and Infante
2000, Stechova and Kuéera 2007, Stechova et al.
2008, 2010, 2012, Campbell et al. 2013, 2015,
2019, Pawlikowski et al. 2013, Mettrop et al.
2018). In the habitats in this study, the amount
of minerals was generally high. The total cal-
cium content in the habitats of H. vernicosus in
Lithuania ranged between 15.2 and 96.6 mg/l. In
other regions of Europe, the amounts of calcium
were lower: Sweden at 2.5-56.8 mg/l (Hedenés
and Kooijman 1996) and especially the Czech
Republic at 3-22.61 mg/l (Stechova and Kudera

2007, Stechova et al. 2008, 2010, 2012). High
amounts of calcium were found in the fens with
H. vernicosus close to the border of Lithuania, in
the northeastern part of Poland (Pawlikowski et
al. 2013).

The other major cations in the surface water,
magnesium (5.4-47.2 mg/l) and potassium
(0.8-16.9 mg/l), recorded in this study occurred
at wider ranges and higher values than those in
previous studies in Europe (Hedends and Koo-
ijman 1996, Stechové et al 2010, Pawlikowski
et al. 2013). High concentrations of cations are
probably the result of a high influence of spring
feeding (Tahvanainen et al. 2002). A wide varia-
tion in iron was one more parameter (following
pH, electrical conductivity and amount of cal-
cium) that was similar to fens in Poland (Paw-
likowski et al. 2013), indicating the distribution
of such H. vernicosus habitats in a wider region
of neighbouring territories. In other European
regions, concentrations were significantly lower
with a narrower range of values (Hedends and
Kooijman, 1996, Stechova and Kucera 2007,
Stechova et al. 2010, 2012).

The other group of elements analysed in our
study were nutrients: NH,*, NO,, and PO™.
Of available studies, Pawlikowski et al. (2013)
found the widest and highest mean values of
PO (£ ~0.8 mgl, mean approximately
0.4 mg/l), while in other regions (Hedends and
Kooijman 1996, Stechové et al. 2010, 2012) also
studied by us, values were four or more times
lower. Concerning the ammonium concentration
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our results did not show any exceptional values
compared with those obtained by Hedends and
Kooijman (1996), Stechova and Kuéera (2007),
Stechové et al. (2012), Campbell et al. (2013,
2015, 2019) and Pawlikowski er al. (2013).
Investigations of nitrate content in habitats of H.
vernicosus have slightly wider values than those
recorded in the studies mentioned above.

A wide variation in surface water chemistry
allowed us to distinguish three groups of H. ver-
nicosus habitats that differ significantly in values
according to various environmental parameters.
We focused on differences in ecological factors
through the ecological groups to investigate their
impact on the distribution and abundance of
H. vernicosus in the region. The hypothesis (see
Introduction, hypothesis 1) concerning calcium
amount was partially confirmed. Our results
showed a high abundance of H. vernicosus in
the habitats with the lowest amount of calcium.
At the same time, the species occurs no less
abundantly in habitats with the highest amount of
Ca?". On the other hand, the most frequent habi-
tats of H. vernicosus are in the fens with moder-
ate values of calcium. The ecological group with
a high content of calcium is also characterised
by a high concentration of magnesium, which,
as was mentioned above, shows the influence
of springs. We cannot confirm the relationship
between the abundance of H. vernicosus and the
amount of phosphorus, as stated by Pawlikow-
ski et al. (2013) and Mettrop et al. (2018) (see
Introduction, hypothesis 2). Our results are in
accordance with those of Stechova ez al. (2012),
who showed no differences in the abundance of
H. vernicosus in habitats with different amounts
of phosphorus.

There are few data on the influence of iron on
the abundance of H. vernicosus, and the available
data are contrasting (Hedends and Kooijman,
1996, Stechova and Kuéera 2007, Stechova et
al. 2012). Although our data indicate that H. ver-
nicosus occurs in areas with wide ranges of iron
values, the effect of iron amount on species abun-
dance was not ascertained, which agrees with the
results of Stechova and Kucera (2007), although
these authors obtained the species in habitats
with a narrower range of amounts of iron.

Many studies indicate that a poor-rich gra-
dient in water chemistry is an important factor

that determines the composition of fen vegeta-
tion (Wheeler and Proctor 2000, @Qkland et al.
2001, Kooijman and Hedends 2009), meanwhile
some have emphasised hydrological conditions
as the most important factor for vegetation and
even habitat biogeochemistry (Bragazza et al.
2005, Jabtonska et al. 2011, Cusell et al. 2013,
Pawlikowski et al. 2013, Kooijman et al. 2020).
To date, only a few detailed studies analys-
ing the influence of water level on habitat bio-
geochemistry variation and the distribution of
H. vernicosus have been conducted (Cussel et
al. 2013, Mettrop et al. 2018). We did not per-
form direct water level measurements, but the
impact of this factor on the distribution and
abundance of H. vernicosus was evaluated indi-
rectly by analysing its distribution in fens of
various topography types and in microhabitats
(subplot level). Lawns with negligible micro-
topography and surface water prevail among
H. vernicosus habitats. This result was also sup-
ported by the distribution of H. vernicosus in
various microhabitats, showing that this species
most frequently and abundantly occurs in lawns.
Cussel et al. (2013) found that under conditions
of low water levels, the photosynthetic power of
H. vernicosus decreases. Hamatoculis vernicosus
was also often recorded in hummocky areas
with depressions; the analyses of microhabitats
show that suitable habitats for the species mostly
provide lawns and shallow hollows. According
to Stechova and Kuéera (2007), this fen species
does not develop submersed forms, so despite
the preference for wet microsites, it does not
occupy completely inundated microhabitats. This
explains why we find the species growing in
fen areas with prevailing pools very rarely. The
occurrence of the species on hummocks is deter-
mined by essential changes in habitat charac-
teristics — the higher hummocks are, the more
bryophytes are distant or isolated from mineral
fen water due to the specific physical and chem-
ical characteristics (Hajkova et al. 2004, Udd et
al. 2015).

Vegetation in the habitats of H. vernicosus

The most exhaustive data on vegetation in
H. vernicosus habitats have been provided to
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date from Central Europe (Navratilova et al.
2006, Stechova and Kuéera 2007, Stechova et
al. 2008, 2012); thus, the data in this study are
primarily compared with that data. The vascu-
lar plant species most associated H. vernicosus
habitat in Central European and Lithuanian fens
are the specialists of waterlogged mires Carex
diandra, Menyanthes trifoliata and Equisetum
Sfluviatile. We find the positive interrelationship
between the abundance of H. vernicosus and the
most frequent Carex diandra at the microhabitat
scale, showing that they can grow together under
the same ecological conditions without compet-
ing with each other. Otherwise, the most nega-
tive interrelationship occurs with Menyanthes
trifoliata. This confirms the results of Stechova
et al. (2012) that H. vernicosus thrives best in
habitats with sparse herbs and abundant brown
moss cover.

Our vegetation survey shows that Carex rostrata
(species of waterlogged mires), the calcicolous
species Epipactis palustris and the spring species
Cardamine pratensis and Epilobium palustre,
indicating considerable water movement among
the habitats (Koczur and Nicia 2013), are no less
associated with the habitat of H. vernicosus than
the species mentioned above. In terms of bryo-
phyte cover, the Calliergonella cuspidata and
Ptychostomum  pseudotriquetrum co-occurred
the most with H. vernicosus in both regions.
However, Campylium stellatum, which is highly
associated with the habitats of H. vernicosus in
Central Europe, was recorded in only 15% of the
plots in this study. Instead, Marchantia polymor-
pha was one of the most frequent species. Nota-
bly, this hepatic is also not mentioned among the
most associated bryophytes with H. vernicosus
in Europe (Hodgetts et al. 2019a).

However, a different species composition
from that in both from Central Europe and Lith-
uania was observed in the habitats of H. vernic-
osus from Ireland (Campbell ef al. 2013, 2015,
2019), the territory, which, based on Roekaerts
(2002), is attributed to the Atlantic biogeograph-
ical region. The vascular plants most associated
with H. vernicosus in this region are Agrostis
stolonifera, Carex echinata, C. panicea, Juncus
acutiflorus and Ranunculus flammula. However,
only Agrostis stolonifera relatively frequently
occurs in H. vernicosus habitats in Lithuania. In
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terms of bryophyte cover, in addition to Callier-
gonella cuspidata and Ptychostomum pseudotri-
quetrum, Sarmentypnum exannulatum, which,
according to Stechova et al. (2008), prefers
slightly acidic conditions, relatively frequently
occurs in the fens of Ireland. Whereas H. ver-
nicosus and S. exannulatum are separated along
a pH gradient in the boreal region (Hedends and
Kooijman 1996).

Regional differences in the species compo-
sition of habitats lead to differences in plant
communities. In Lithuania, the most rarely pre-
sented in H. vernicosus habitats are plant com-
munities with a high fidelity of the bryophytes
Scorpidium cossonii and Campylium stellatumu
as well as Carex lepidocarpa (group la). In
addition, important components of this group
are calcium-tolerant sphagnum species (Sphag-
num teres and S. warnstorfii) and boreal sedges
(Carex limosa, C. lasiocarpa and Trichophorum
alpinum) occurring within a wide range of base
richness (Diersen 1996). It seems likely that
such rich fens in Lithuania, following Peterka
et al. (2017), are attributable to the Sphagno
warnstorfii-Tomentypnion nitentis (Dahl 1956)
alliance, in which H. vernicosus is distributed
in Central Europe (Hajek et al. 2006, 2021).
The plots of this clearly differentiated vegetation
group accounted for less than 10% of all studied
plots. Assessing the rarity of such communities,
our results are in accordance with those from
Northern Europe (Hedends 1989) stating that
H. vernicosus grows with Scorpidium cossonni
very rarely. Moreover, in such rare cases, its
abundance is lower than that of other plant com-
munities.

Indicator species of the most frequent plant
communities, occurring in a wide range of eco-
logical conditions, are the bryophytes March-
antia polymorpha and Plagiomnium ellipticum
and the herbaceous species Cardamine pratensis,
Mpyosotis scorpioides and Rumex acetosa, which
are not among those indicated for the habitats
of H. vernicosus in Central Europe. At the same
time, fen communities with similar species com-
position were described in Poland (Pawlikowski
et al. 2013). Following diagnostic species noted
in Peterka et al. (2017), such communities can
be assigned to Saxifrago-Tomentypnion, which
are scattered across the northeastern European
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lowlands, so they are not known in Central
Europe. We found that the communities with
species characteristic to Saxifrago-Tomentypnion
were distributed in habitats with a wide range
of calcium concentrations; in addition to hab-
itats that are calcium rich, which correspond
to Peterka ef al. (2017), we found them to be
distributed in calcium-poor fens. May be part
of the communities, described by us, can be
assigned to Caricion fuscae alliance of calci-
um-poor fens, also characterised by frequent fen
species Carex diandra and Menyanthes trifoliata
(Peterka et al. 2017). Taking into consideration
the low amounts of phosphorus in all habitats
in this study, we cannot confirm the statements
of Pawlikowski et al. (2013) and Peterka et al.
(2017) that namely these communities show
better phosphorus availability than that of other
communities.

It seems likely that a specific microtopog-
raphy — the presence of permanently water-
logged depressions is the main driver of the
group, the indicators of which are species of very
wet habitats Calliergon giganteum and Comarum
palustre. Here, we found tree and shrub species
and bryophyte Plagiomnium elatum settling on
drier sites. In addition to species characterising
specific topography, this group combines species
from the two other vegetation groups.

Conclusions

In comparison to that in other specific regions of
Europe, H. vernicosus in Lithuania, at the junc-
tions of continental and boreal biogeographical
regions, occurs under a wide range of habitat
conditions that, according to water parameters,
contains broader range and higher amounts of
minerals. Topography with a specific hydro-
logical regime that ensures lawns with surface
water and shallow hollows is of high importance
throughout fens covering a wide range of water
parameters. The prevailing plant communities
in habitats with H. vernicosus in terms of spe-
cies composition can be assigned to Saxifrago-
Tomentypnion distributed in the lowlands of
the boreal region of northeastern Europe). In
Sphagno warnstorfii-Tomentypnion nitentis com-
munities, characteristic of the H. vernicosus hab-

itats in Central Europe (continental region), in
Lithuania, H. vernicosus occurs very rarely and
not abundantly. It has to be noted that H. ver-
nicosus likely consists of two separate lincages
(clade 1, clade 2), and ecological behaviour may
differ between these two lineages, distinguished
by molecular analysis. Future research in Lithu-
ania and adjacent regions needs to assess distri-
bution of these two lineages and ascertain habitat
preferences of them.

The comparison of environmental variables
and plant species diversity in the habitats of dif-
ferent regions of Europe provides evidence that
although H. vernicosus is protected at the Euro-
pean level, suitable conservation measures that
consider the particular features of the regional
habitats should be applied to ensure favourable
conditions.
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