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Abstract

The vertical structure of fen vegetation has received little attention, despite its obvious
relevance to interactions between herbaceous plants and bryophytes. The main objective of
this study was to determine relationships among the vertical herbaceous-rich-fen vegeta-
tion structure and the overall cover and species diversity of bryophytes. The study was
conducted in eight fens in Lithuania and covered 210 subplots (0.5 m x 0.5 m). Within each
subplot, the total and individual percentages of bryophyte and vascular plant cover, and
of each visually distinct vertical vegetation layer, were estimated. In vertical vegetation
structure, five distinct structural groups were identified, ranging from a simple two-layer
group to a four-layer group. Vertical structural differences in herb cover were primarily
associated with water level and microrelief. Our results revealed that an open structure
is favourable for entire bryophyte cover; shading does not necessarily lead to a decline in
total bryophyte cover but rather drives a structural rearrangement of the bryophyte com-
munity. The abundant development of higher vegetation layers in highly hummocky areas
negatively affects the bryophyte cover. Monitoring visually distinct vertical structures can
help predict negative trends in plant community structure, including shifts in bryophyte
diversity and cover.

Keywords: hollows; hummocks; lawns; Lithuania; microtopography; mires; plant communities;
surface water; vegetation layers

1. Introduction

Rich fens are among the most biodiverse and highly threatened wetland ecosystems in
Europe, sustained by a unique combination of mineral-rich groundwater and low nutrient
availability [1-3]. Because of this specific ecological regime, these habitats develop a
complex vertical and spatial structure that supports both diverse vegetation and a detailed
mosaic [4,5]. This structural complexity creates a multitude of distinct microclimatic and
hydrological niches, allowing numerous rare, highly specialised, and endangered plant
species to coexist [1,6]. However, since botanically rich fens are widely degraded by
drainage and land-use abandonment, understanding their vertical stratification is crucial
for predicting community shifts and guiding effective conservation strategies [7-9].

A distinguished feature of rich fens is a well-developed layer of bryophytes, especially
brown mosses. In fens, bryophytes always constitute the lower (bottom) layer of vegetation,
whether they form continuous ground cover or are scattered in different microhabitats on
hummocks or in hollows. The ecological relationship between bryophytes and vascular
plants remains a subject of debate in previous research [10]. Nutrients arriving throughfall
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from the vascular plant canopy can facilitate bryophyte growth [11-13], as can evaporation
and reduced shade under moderate vascular plant cover. On the other hand, a lack of
light and space often suppresses bryophytes, as illustrated by the predominantly negative
correlation between bryophyte cover and that of vascular plants [14,15]. This competitive
or facilitative balance is largely driven by the composition of the upper vegetation layer [8].

The herb layer of rich fens may be dominated not only by different species in terms
of their taxonomy, but also by different species with contrasting life traits: small or large
graminoids (Carex spp., Eleocharis spp., Juncus spp., Molinia caerulea, Phragmites australis,
etc.) and low (Drosera spp., Cardamine spp.) or tall herbs (Eupatorium cannabinum, Ra-
nunculus lingua). Different plant species with various traits combined to form certain
species pools and different physiognomically distinct vertical structures. Thus, plants act
as ecosystem engineers by creating specific habitat niches, e.g., as light patches in canopies
and undergrowth [16]. An example of this is the orientation of leaves in different plant
groups: in broadleaf plants, it is more horizontal (planophilic), whereas in grasses it is more
vertical (erectophilic) [17]. In turn, this variation in physical structure shapes a range of
microenvironments relevant to other organisms. The distribution of various organisms,
especially arthropods, across ecosystems indicates that vegetation structures may be more
important than previously suggested [18,19].

However, most studies assessing vertical vegetation structure have focused primarily
on forested habitats [16,20-22]. In contrast, the canopy architecture of herbaceous commu-
nities has received little attention, despite its obvious relevance to interactions between
herbaceous vascular plants [23,24] and between herbaceous plants and bryophytes [25].
Furthermore, the overall productivity of the herb layer remains an understudied factor
controlling the patterns of non-forest fen vegetation [8]. Shading by vascular plants may
also contribute to the decline in brown mosses [26]. However, the mechanism by which spe-
cific structural variations within the herbaceous canopy mediate this relationship remains
poorly understood. Therefore, this study focuses on the intricate relationship between
the vertical structure of herbaceous plants and the bryophyte layer in rich fens. Our main
objective is to determine the processes occurring in rich fens by combining vertical herba-
ceous vegetation structure with bryophyte cover development and species diversity. To
address this, we sought to answer the following research questions: (1) What vertical
structures of herbaceous vegetation are formed in different habitats of rich fens? (2) What
effect do these structures have on total bryophyte cover? (3) Are these structures related
to the composition of bryophyte species? These data will be used to assess vegetation
trends in fens across Lithuania, a country uniquely positioned at the transition between
the boreal and continental biogeographical zones. Recent research highlights that Lithua-
nian fens exhibit highly distinct environmental and structural characteristics [5]. Based
on the literature review, we set up the following hypotheses: H1: The increasing vertical
complexity would be associated with lower bryophyte cover due to increased shading. H2:
Different structural groups would support distinct bryophyte assemblages. H3: Structural
groups with greater broadleaf plant cover have a greater influence on bryophyte cover than
those dominated by narrow-leaved plants. Consequently, understanding these dynamics is
essential for identifying the most appropriate conservation measures and evaluating the
success of ongoing restoration projects.

2. Materials and Methods
2.1. Study Sites

The investigations were conducted between 2016 and 2019 across eight fens distributed
throughout various regions of Lithuania (Figure 1). These sites were selected to characterise
the region’s characteristic vertical structures of fen ecosystems. The overarching study
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matrix belongs to the Lithuanian landscape, a territory positioned within the maritime-
continental transitional climate of Northeastern Europe and the eastern part of the Baltic
Sea basin [27,28]. According to the Geiger Koppen global climate classification, which
divides regions based on seasonal temperature, precipitation, and vegetation [29], the
area mostly experiences a humid continental climate with warm summers (16-18 °C) and
relatively cold winters (—3 to —6 °C), except for a narrow, more temperate coastal zone [30].
This geographic setting determines distinct seasonal variations and a positive moisture
balance, with average annual precipitation typically ranging between 600 and 800 mm,
though historically fluctuating from 355 to 950 mm [31,32]. The regional macro-relief,
primarily formed by the deglaciation phases of the Last Glacial Period, exhibits an intricate
arrangement of lowlands, glacial basins, and undulating uplands with restricted natural
drainage [33,34]. Although diverse mire types historically covered substantial portions
of the country, intensive 20th-century agricultural drainage transformed the landscape,
confining intact, non-degraded rich fens to isolated wetland refugia [3,8]. Currently, these
minerotrophic systems are highly critical for sustaining structurally diverse vegetation
communities reliant on stable, base-rich groundwater discharge. The eight selected fens are
distributed across three climatic subregions that differ in their mean annual temperature
(MAT) and mean annual precipitation (MAP) [35] (Figure 1).
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Figure 1. Map of the study sites. Fens marked with orange dots are located in the Zemaitiy subarea
of the Zemaitiuy Highland region (MAT: 6.3-6.7 °C; MAP: 810-820 mm); those marked with blue dots
are located in the Dziiky subarea of the Southeast Highland region (MAT: 6.8 °C; MAP: 700 mm);
and those marked with green dots are located in the Aukstai¢iy subarea of the Southeast Highland
region (MAT: 6.1-6.7 °C; MAP: 610-690 mm).

2.2. Field Sampling and Vegetation Records

At each of the eight study sites along randomly selected transects, 4 m x 4 m study
plots [36] focusing on microrelief forms, vertical layer development, and dominant plant
and bryophyte species were established. Within each study plot, five smaller 0.5 m x 0.5
m subplots (a total of 210 subplots) were positioned at the corners and in the centre of the
study plot. Within each subplot, the total percentage cover of bryophytes and vascular
plants was estimated; all bryophyte species were recorded along with their individual
percentage cover. Subsequently, the vegetation’s vertical structure was analysed (Figure 2).
Visually distinct vertical layers were identified (scaled from layer I as the lowest stratum
adjacent to bryophytes to layer IV as the uppermost stratum), and the total percentage
cover of each layer was estimated.
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Figure 2. Schematic representation of the vertical vegetation structure in rich fens.

Within each layer, all present plant species were recorded, their individual percentage
cover was determined, and the height from the bryophyte surface was measured. The
height range for each layer was determined based on the minimum and maximum heights
of the species presented. The microtopographical surface percentage cover (%) of hum-
mocks and water-filled depressions (hollows) was evaluated within each subplot. Water
samples were collected in autumn (September—October) to determine the concentrations
of calcium (Ca?*), magnesium (Mg?*), iron (Fe®"), nitrate (NO3~), ammonium (NH,"),
and phosphate (PO43~) in study plots. These chemical parameters were chosen to assess
the trophic status and hydrological feeding characteristics of the fen ecosystems. The
samples were kept frozen until chemical analysis, which was performed by the accredited
laboratory CJSC “EKOMETRIJA” (Vilnius, Lithuania) using standardised ISO and EN
ISO methods [37-42]. A total of 88 vascular plant species and 22 bryophyte species were
recorded during the field study. Most of them were identified during field surveys. Uniden-
tified specimens were collected for more accurate species identification in the laboratory.
The voucher specimens are deposited at the Herbarium of the Nature Research Centre
(BILAS). The data were collected by the authors of the paper between 2016 and 2019. The
taxonomic nomenclature of bryophytes followed the latest European checklist [43], while
vascular plants were classified according to the World Checklist of Vascular Plants [44].

2.3. Data Analysis

Initially, based on the number of identified vertical layers, vegetation descriptions
were categorised into three major structural groups: group A comprised communities
with two layers, group B included those with three layers, and group C represented
communities with four layers. Because Group B (three-layered communities) was the
largest group and showed high internal heterogeneity, it was further subdivided into three
sub-groups (B-1, B-2, and B-3). This heterogeneity was mainly driven by differences in
the development, fragmentation, or degradation of the layers across certain subplots. To
identify these subgroups, a hierarchical clustering analysis was performed using PAST
statistical software, version 5.3 [45], based on the Bray—Curtis similarity coefficient and
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Ward’ linkage method, incorporating variables such as total bryophyte cover, total herb
cover, layers (I-IV) cover (%), mean weighted height, maximum layer height, and height
variance (Figure 3). The optimal number of sub-clusters was determined based on the
linkage distance threshold and the ecological interpretability of the resulting groups. A
cutting height (linkage distance ~ 25) was selected on the dendrogram, as it represented a
significant jump in dissimilarity between the branches.
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Figure 3. Dendrogram of the hierarchical cluster analysis identifying vegetation sub-clusters (B-1, B-2,
and B-3) in PAST software, based on the Bray—Curtis similarity coefficient and Ward’s linkage method.

To characterise the environmental conditions associated with the different vertical
structures, an environmental parameter comparison was conducted among them. The
analysis utilised hummock and surface water cover (determined as micro-habitat struc-
tures at the subplot level) and concentrations of CaZ, Mg2+, Fe3*, NO3;~, NH,*, and
PO43~ (determined as macro-environmental background parameters captured at the plot
level to characterise site-specific hydrochemical baseline conditions). To illustrate the
overarching abiotic context without scale-induced statistical artefacts, the study plot-level
hydrochemical concentrations are presented as descriptive background profiles to visually
assess environmental homogeneity across the structural groups. First, the normality of
the subplot-level variables (hummock and surface water cover) was evaluated using the
Kolmogorov-Smirnov test. Because micro-habitat predictors were not normally distributed,
their differences within groups were determined using the non-parametric Kruskal-Wallis
test. Upon identifying significant overall differences, the Mann—-Whitney U test was used for
subsequent pairwise comparisons of the subplot physical structures. Statistical evaluations
were considered significant at p < 0.05.

To characterise the vertical layers (I-IV) based on their floristic composition, a sum-
mary table was constructed focusing on the dominant vascular plant species for each
group. Within each individual layer, species achieving the maximum percentage cover
value in at least one given relevé were designated as dominants. To ensure data legibility
and focus on the main structural components, only these dominant species were included
in the final summary table, omitting rare or low-cover species. To assess the structural
and compositional divergence specifically within the bryophyte cover, a Permutational
Multivariate Analysis of Variance (PERMANOVA) based on Bray—Curtis distances was
performed to test for significant differences in bryophyte assemblages among the groups,
followed by a Permutational Analysis of Multivariate Dispersions (PERMDISP) to evaluate
homogeneity of variance. A Principal Coordinates Analysis (PCoA) was applied to project
the compositional gradient in multivariate space. Additionally, a Similarity Percentage
(SIMPER) analysis was conducted to identify the diagnostic bryophyte species responsible
for the observed dissimilarity between groups.

https://doi.org/10.3390/d18070434


https://doi.org/10.3390/d18070434

Diversity 2026, 18, 434

6 of 19

To evaluate the overall distribution of bryophyte species in relation to environmental
parameters, subplot-level data were averaged to the study plot level, resulting in 42 plot-
level observations. Bryophyte species cover data were Hellinger-transformed prior to the
analysis. Environmental variables were standardised (z-score) to account for differences in
measurement units and scale among predictors. To select the most appropriate ordination
method, the gradient length along the first axis was evaluated using Detrended Corre-
spondence Analysis (DCA). The resulting gradient length of 2.51 standard deviation (SD)
units indicated a linear response, justifying the choice of Redundancy Analysis (RDA) over
Canonical Correspondence Analysis (CCA). Before model fitting, multicollinearity among
environmental variables (I-IV layer cover, I-IV layer height, surface water cover, hummock
cover and concentrations of Ca?*, Mg2+, Fe3*, NO;~, NHy*, and PO4°~) was assessed
using variance inflation factors (VIF); all variables showed low collinearity (VIF < 3); the
highest VIF values were 2.19 for Fe3*, 1.81 for Ca%*, 1.77 for layer IV cover, and 1.73 and
1.70 for Mg?* and layer IV height, respectively. Therefore, all variables were retained for
further analysis. To identify which environmental parameters contributed significantly to
the ordination, the marginal (unique) effect of each variable was tested using a permutation
procedure (999 permutations), analogous to a Type III test, in which the significance of
each predictor was evaluated while controlling for the effects of all remaining variables.
Only environmental variables with a significant marginal effect (p < 0.01) were retained in
the final model and displayed in the ordination biplot. To improve the interpretability of
the biplot, moss species were filtered based on their goodness-of-fit to the first two RDA
axes (R?), and only species with R? > 0.3 were displayed, since these were considered to be
reasonably well represented by the two-dimensional ordination.

Finally, to assess the relationship between vegetation structure and bryophyte cover,
two complementary analyses were performed. First, the influence of upper vegetation
layer development on the total coverage of the bryophyte layer was evaluated within each
structural group separately, using Spearman’s rank correlation coefficients. Correlations
were tested between total bryophyte cover, total vascular cover, and the individual covers of
layers I, II, III, and IV (conditioned by the layer count of the respective group). This analysis
quantified the competitive or suppressive effects between the upper vegetation canopy
and the ground-layer bryophytes across varying structural complexities. Second, because
the group-specific correlation analysis suggested that the relationship between vegetation
layers and bryophyte cover was inconsistent across structural groups, a Generalised Linear
Mixed-Effects Model (GLMM) was additionally used to assess this relationship across
all subplots simultaneously (1 = 210), while accounting for the nested sampling design
(Site/Study plot) and testing all vegetation layer variables jointly rather than individually.
The total percentage cover of the bryophyte layer was introduced as the response variable.
The fixed predictors included the individual percentage covers and average heights of
vascular plant layers I-1V, the total number of vegetation layers, and the percentage covers
of surface water and hummock cover. To accommodate the bounded nature of percentage
data, the GLMM was modelled using a Beta error distribution with a logit link function.
To account for the nested sampling hierarchy and potential spatial dependency across
different localities, ‘Site” and ‘Study plot” were incorporated into the model structure as
nested random intercepts (1 | Site/Study plot). This mixed-model approach effectively
accounted for potential pseudoreplication and isolated the direct vertical suppression,
facilitation, or microhabitat partitioning effects.

Univariate non-parametric tests (Kolmogorov—Smirnov, Kruskal-Wallis, Mann—
Whitney U), hierarchical cluster analysis, PCA, and Spearman correlation analyses, as well
as multivariate community analyses—including PERMANOVA, PERMDISP, DCA, PCoA,
and SIMPER—were conducted using PAST software, version 5.3 [39]. Linear constrained
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ordinations (RDA) and Generalised Linear Mixed-Effects Models (GLMMs) were executed
within the R statistical environment (version 4.3.1) using the vegan (version 2.6-4) [46] and
glmmTMB (version 1.1.7) [47] packages, with statistical significance for all evaluations set
atp =0.05.

3. Results
3.1. Characteristics of Vertical Structural Groups

To represent the variation in vertical vegetation structure across the studied fens, five
distinct structural groups (A, B-1, B-2, B-3, and C) were identified (Table 1). These categories
reflected the inherent complexity of the vertical layers, ranging from simple structures to
multi-layered communities with varying bryophyte cover.

Table 1. Structural characteristics, species richness, and layer cover values of the identified vegetation
groups (A, B-1, B-2, B-3, and C). Total layer cover data are presented as mean =+ standard deviation,
with minimum and maximum values indicated in parentheses (min—-max %).

Groups
B
Parameters A Bl B2 B3 C
n=25 n="79 n =47 n=35 n=24
Number of layers 2 3 3 3 4
Total herb cover (%) 35.1+94 449 £ 15.1 83+9.1 60.8 £+ 14.1 70.5 +19.0
° (20-60) (14-80) (60-100) (32-90) (30-100)
Total br hvt r (%) 95.1 £6.9 91.2 £ 125 64.6 + 26.5 58.6 £29.4 48.2 +£27.8
otatbryophyte cover o (80-100) (52-100) (16-100) (7-100) (6-90)
Total herb species richness 6.9 +1.6 81+£25 93+25 93+21 11.8+22
(per plot) (3-10) (4-16) (3-17) (4-14) (8-16)
Total bryophyte species 29409 34112 35+13 35+13 41+13
richness (per plot) (2-5) (2-6) (2-7) (2-7) (2-6)
. . 156 +44 20.2 £ 3.9 232 +5.2 41.1 £10.1 324 +8.8
Mean weighted height (cm) (8.5-25.6) (11.5-29.5) (12.7-40.1) (25-66) (18.7-59.1)
Maximum layer height (cm) 30.3 £8.7 53.1 + 8.3 58 £10.4 67.1+59 80.5 + 14.5
axumum fayer hetght (¢ (18-50) (32-75) (40-90) (50-75) (60-120)

The vertical structure of the identified groups became more complex from a simple two-
layer structure in Group A to a distinct four-layer canopy in Group C. Group A represented
the most basic structural form, characterised by only two layers, where vegetation is almost
entirely compressed into the bryophyte and the lowest vascular plant layer (layer I). In
this group, higher layers (IIl and IV) were virtually absent, and the mean weighted height
was the lowest among all groups. Groups B-1, B-2, and B-3 formed a three-layer structure;
however, they differed significantly in the extent of their coverage of the layers and overall
height profiles. Group B-1 represented plant communities in which the third layer emerged
with a low mean cover (8.2%), while the overall community remained dominated by a
dense bryophyte layer. In group B-2, vertical development was heavily concentrated in
layer II, with a mean cover of 52.1%, creating a dense but low-growing profile which also
contributes to the highest total herb cover observed across all structural groups. A further
shift in verticality was observed in group B-3, where the dominance of herb cover began to
migrate upwards, with layer IIl becoming the most prominent vascular layer (mean cover
29.2%), resulting in a significantly higher mean weighted height. Group C stood out as
the most complex because it was the only group with four distinct layers. The uppermost
layers (III and IV) coincided with a notable reduction in the lowest vascular layer (layer I),
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which dropped to a mean cover of less than 14% while exhibiting the highest maximum
layer height and the most advanced vertical differentiation.

3.2. Microrelief and Hydrochemistry of Structural Groups

We observed significant changes in microrelief across the groups, alongside some ap-
parent visual shifts in groundwater chemistry. Group A was characterised by flat lawns with
high surface water cover and almost no hummock formation (Figure 4). This simple struc-
ture coincided with the hydrochemical profile, which visually displayed the lowest levels
and narrowest ranges of Fe>* and PO;*, pointing to a stable, highly flooded environment.
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Figure 4. Comparison of environmental variables across the identified groups (A, B-1, B-2, B-3,
and C): surface water, hummock cover, Ca?* (indicated as Ca in the figure), Fe3* (Fe), Mg2+ (Mg),
NH4* (NH), NO3~ (NO), and PO43~ (PO). For microrelief parameters (surface water and hummock
cover), different letters indicate statistically significant differences based on the Mann-Whitney U
test (p < 0.05). Hydrochemical parameters represent plot-level baseline concentrations projected onto
the structural groups. The circles indicate outliers.

Group B-1 also maintained a high average surface water, but its hydrological param-
eters varied widely—surface water dropped from almost 100% to nearly 40% at certain
sites, which aligned with wide ranges in Ca?*, Mg?*, and Fe** concentrations. In Group
B-2, mineral levels stayed consistently high for both Ca2+ and Mg2+, accompanied by a
broad spread of Fe?*. However, the microrelief began to differentiate, showing an emerging
overlap between initial hummock cover and fluctuating surface water. Groups B-3 and C
shifted towards drier, semi-waterlogged conditions. Group B-3 was notable for an extreme
spike in PO4*" variation, with specific sites acting as significant outliers compared to the
relatively low and stable levels in earlier groups. Finally, Group C displayed the most
developed microrelief, with hummock cover reaching up to 60-70% and a corresponding
decline in surface water cover. Hydrochemically, group C exhibited a distinct visual shift in
nitrogen dynamics: while the previous groups (A and B) maintained a uniformly low, flat
baseline, group C displayed a visibly elevated NO3™~ concentration and a wide amplitude
of NH,*. Such trends suggest a potential acceleration of nutrient cycling and increased
oxygenation within the developed hummock-hollow complex.

3.3. Species Composition of Vegetation Layers Between Groups

The development of layer I varied inconsistently between the studied groups. In
groups A and B-1, layer I was characterised by a stable mean cover ranging from 18.8%
to 20.6% (Table 2). While group A was floristically dominated by Vaccinium oxycoccos,
Menyanthes trifoliata, and Drosera anglica, group B-1 exhibited a shift toward a slightly
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different structure; there, the layer was primarily dominated by Rumex acetosa, Vaccinium
oxycoccos, and D. anglica. Following this baseline, a distinct peak was observed in group
B-2, where the mean layer I cover reached 26.8% (individual plots reaching up to 70%).
This peak was dominated by Rumex acetosa and Cardamine pratensis. However, a significant
reduction in mean cover was recorded in the subsequent groups (B-3, C). Although group
B-3 shared the same key dominant species at identical frequencies as group B-2 (R. acetosa
and C. pratensis), its mean cover was substantially lower. This declining trend was partially
reversed in terms of cover in group C, where layer I recovered to a mean cover of 13.6%,
with R. acetosa, C. pratensis, and Galium uliginosum emerging as the dominant taxa.

Table 2. Structural and compositional characteristics of vertical vegetation layers (I-IV) across
the identified vertical structural groups. Data are presented as mean percentage cover % and
standard deviation, with minimum and maximum values in parentheses. Dominant species (and their
percentage frequency) within each layer are listed based on maximum stratal cover, incorporating
only taxa with a frequency threshold of >10%.

Group Layer Total Cover % Dominant Species
I 18.9 8.7 Carex panicea (35%), Carex lepidocarpa (24%), Trichophorum
A (5-40) alpinum (18%), Carex limosa (18%)
I 20.6 =104 Vaccinium oxycoccos (29%), Menyanthes trifoliata (24%),
(5-55) Drosera anglica (18%)
I 82+45 Carex lepidocarpa (44.6%), Carex lasiocarpa (13.8), Carex limosa
(1-20) (10.8%)
B-1 1T 27.7 £ 17.6 (2-90) Menyanthes trifoliata (61.5%), Carex chorrhiza (12.3%)
I 18.8 £12.5 Rumex acetosa (33.8%), Vaccinium oxycoccos (29%), Drosera
(2-50) anglica (18.5%)
I 17.3 + 9.1 (4-40) Carex rostrata (32%), Carex lepidocarpa (26%)
B-2 II 52.1 + 23 (18-95) Menyanthes trifoliata (72.5%), Caltha palustris (11%)
I 26.8 + 16.8 Rumex acetosa (33.8%), Cardamine pratensis (19%), Galium
(2-70) palustre (13%)
I 29.2 + 13.3 (10-58) Carex rostrata (34%), Carex lasiocarpa (21%), Juncus sp. (17%)
B-3 I 20.3 £+ 15.3 (1-55) Menyanthes trifoliata (47%), Caltha palustris (24.5%)
I 11.1 £ 9.5 (1-45) Rumex acetosa (33.8%), Cardamine pratensis (19%)
v 11.3 £9.7 (1-35) Typha sp. (53%), Phragmites australis (25%)
I 28.7 + 15.4 (7-70) Carex roslfmta (31 /.0), Caorex diandra (25%), Festuca rubra (13%),
C Thelypteris palustris (13%)
I 27.1 +£21.9 (2-75) Menyanthes trifoliata (69%)
I 13.6 +11.3 Rumex acetosa (31%), Cardamine pratensis (28%), Galium
(1-50) uliginosum (13%)

The development of layer II served as a primary indicator of vertical structural reor-
ganisation across the studied groups. Group A represented a distinct baseline, in which
layer II had a mean cover of 18.9% and was primarily defined by the frequent occurrence
of Carex panicea and C. lepidocarpa (Table 2). These dominants were accompanied by less
frequent occurrences of Menyanthes trifoliata and Trichophorum alpinum. As vertical com-
plexity increased in Group B-1, a significant compositional shift occurred. While the mean
cover increased to 27.7%, the relative dominance of C. panicea was reduced, and the layer
became increasingly dominated by M. trifoliata (61.5%) alongside Carex chordorrhiza (12.3%).
The peak of vertical intensification for this layer was reached in group B-2, which exhibited
the highest mean cover (52.1%). In sharp contrast to the heterogeneity of group A, group
B-2 was defined by extreme floral homogenisation, marked by the massive dominance of
M. trifoliata, establishing a nearly monodominant mid-layer. In groups B-3 and C, layer II
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underwent a structural decline or stabilisation, with mean cover dropping to 20.3% and
27.1%, respectively. While M. trifoliata remained a constant dominant across both groups
(47% in B-3 and 69% in C), group B-3 was further characterised by a substantial presence of
Caltha palustris (24.5%).

The emergence and maturation of layer IIl mark the transition toward advanced
stratification. Absent in group A, the III layer first appeared in group B-1 with a low mean
cover of 8.2%, dominated by Carex lepidocarpa, C. lasiocarpa, and C. limosa. In group B-2, the
mean cover of layer III increased to 17.3%, with Carex rostrata and C. lepidocarpa taking over
the dominance. Layer III became the most prominent in group B-3, reaching its maximum
mean cover of 29.2%, driven by the codominance of Carex rostrata and C. lasiocarpa. In
group C, layer IIl maintained a high mean cover and remained dominated by C. rostrata,
but was further diversified by C. diandra, Festuca rubra, and Thelypteris palustris.

Layer IV was uniquely characteristic of group C, providing a consistent mean cover
of 11.3%. The composition of this uppermost canopy was distinct, dominated by tall
helophytes, such as Typha sp. (53%) and Phragmites australis (25%).

Significant differences in bryophyte species composition were detected across the
structural vegetation groups (PERMANOVA, F = 16.57, p = 0.0001) (Table 3). Pairwise
comparisons showed that Groups A, B-1, and B-2 differed significantly in bryophyte assem-
blage composition (p < 0.01), whereas no significant compositional difference was detected
between Groups B-3 and C (p = 0.95), indicating pronounced stabilisation and compo-
sitional homogeneity in the final stages of the structural gradient. Although significant
heteroscedasticity was present across the dataset (PERMDISP, F = 14.76, p = 0.001), the
PCoA ordination confirmed a consistent compositional gradient, showing a clear spatial
separation between the open (Groups A and B-1) and shaded assemblages (Groups B-3 and
C), while Group B-2 occupied an intermediate position in the multivariate space (Figure 5).

Table 3. Pairwise PERMANOVA comparisons of bryophyte species composition (based on Bray-
Curtis’s dissimilarities) among the five vertical structural groups (A, B-1, B-2, B-3, and C). Values
are p-values from pairwise permutational multivariate analysis of variance (9999 permutations);
significant differences (p < 0.05) are shown in bold.

Group A B-1 B-2 B-3 C
A - 0.00 0.00 0.00 0.00
B-1 0.00 - 0.00 0.00 0.00
B-2 0.00 0.00 - 0.00 0.00
B-3 0.00 0.00 0.00 - 0.95
C 0.00 0.00 0.00 0.95 -

Global PERMANOVA: total sum of squares = 79.65; within-group sum of squares = 61.83; F = 16.57;
p (same) = 0.00.

Over three-quarters of the total compositional dissimilarity (82.27%) was attributable
to changes in the abundance of six species: Scorpidium cossonii (25.91%), S. scorpioides
(17.90%), Calliergonella cuspidata (14.06%), Plagiomnium ellipticum (8.44%), Hamatocaulis
vernicosus (8.12%), and Marchantia polymorpha (7.84%) (Table A1). These species showed a
clearly contrasting distribution pattern along the gradient. Scorpidium cossonii, S. scorpioides,
and C. stellatum were most abundant in the waterlogged, open conditions of group A and
group B-1 but declined markedly and were largely absent from the remaining groups.
In contrast, C. cuspidata, M. polymorpha, and H. vernicosus were absent or near-absent in
group A but increased progressively in abundance, with C. cuspidata and H. vernicosus
both reaching their highest mean abundance in group B-2. A similar pattern toward
more shaded, hummocky microtopography under a more developed vascular canopy was
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observed for P. ellipticum, which increased consistently across the gradient and reached its
highest mean abundance in Group B-3.

Groups

A
B-1
B2
054 @z
@c

PCoA 2

PCoA1l

Figure 5. Principal Coordinates Analysis (PCoA) ordination, based on Bray—Curtis distances, illus-
trating the compositional gradient of bryophyte assemblages across the structural vegetation groups
(A, B-1, B-2, B-3, and C).

While the SIMPER analysis identified which species drove compositional differences
between structural groups, redundancy analysis (RDA) was subsequently used to deter-
mine which environmental parameters most strongly shaped bryophyte species distribution
across all study plots. Redundancy analysis showed that bryophyte species composition
was significantly related to environmental conditions across the study plots, with the first
two RDA axes explaining 43.0% and 7.8% of the total variance, respectively (Figure 6).
Of the sixteen environmental parameters considered, seven contributed significantly to
the ordination (p < 0.01): first- and third-layer cover, surface water, hummock cover, and
concentrations of iron, magnesium, and phosphorus. While the preceding classification
indicated that bryophyte species differed mainly by structural group, the RDA suggested
that, across all plots, species distribution was more strongly linked to hydrological and
chemical conditions than to vegetation structure alone. Along the first axis, Scorpidium
cossonii and Campylium stellatum were associated with surface water, indicating a prefer-
ence for wetter microhabitats, whereas Calliergonella cuspidata, Marchantia polymorpha, and
Hamatocaulis vernicosus were linked to higher Fe** and Mg?* concentrations and greater
first-layer cover, indicating more mineral-rich, structurally denser conditions. Plagiomnium
ellipticurn was primarily related to hummock cover along the second axis.

3.4. Relationship Between Vegetation Layer Development and Bryophyte Cover

In terms of bryophyte cover, the results show a progressive decline from group A to
group C, reflecting a clear response to changing habitat conditions. Group A exhibited the
highest and most consistent bryophyte cover values, indicating stable fen conditions in
which bryophytes dominate the ground layer (Table 2).

Group B formed an ecologically diverse mosaic, with bryophyte cover and species
diversity varying considerably among its distinct subgroups (B-1, B-2, and B-3), reflecting
a wide range of micro-habitat conditions. While group C recorded the lowest overall
bryophyte cover, coupled with high variability. Based on the correlation analysis for all
data, total bryophyte cover was negatively associated with total herb cover (p = —0.56),
III layer cover (p = —0.51), and IV layer cover (p = —0.43) (Figure 7). At the group level,
however, the impact of these individual layers varied markedly. In Group A, no variables
reached the significance threshold for bryophyte cover. Within Group B, subgroup B-
1 showed no significant layer-to-bryophyte correlations either. Subgroups B-2 and B-3
showed opposite trends in the upper plant layers. In subgroup B-2, the III layer cover
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was the only variable that had a significant positive correlation with total bryophyte cover
(p =0.51). At the same time, although the II layer cover was high, we did not find any
significant negative relationship between this layer and the bryophytes. In contrast, in
subgroup B-3, the III layer cover showed a strong negative correlation with bryophytes,
matching the negative trend of total herb cover. For the C group, the correlation analysis
highlighted the importance of the lowest herb layers. Total bryophyte cover showed a
strong, significant positive correlation exclusively with I layer cover (p = 0.61). In contrast,
the upper layers showed negative tendencies: IV layer cover had a correlation of —0.49, and
the total herb cover was —0.41, though neither crossed the 0.5 significance threshold. For
the remaining variables, such as the Il and III layer cover, the correlations with bryophytes
were very weak and not significant.

To further assess this relationship across the full dataset, a generalised linear mixed-
effects model (GLMM) was used, accounting for the nested sampling design and testing
all vegetation layer variables jointly (Table 4). The model confirmed that bryophyte cover
was significantly negatively affected by the development of the upper vegetation layers.
The strongest negative effects were associated with IV layer cover (estimate = —0.0599,
p <0.001), followed by III layer cover (estimate = —0.0207, p = 0.0017) and III layer height
(estimate = —0.0150, p = 0.0175). I layer height also showed a significant negative effect
on bryophyte cover (estimate = —0.0973, p = 0.0061), while II layer cover and height
showed only marginally significant negative effects (p = 0.072 and p = 0.051, respectively),
suggesting a weaker influence of mid-canopy layers. In contrast, neither surface water
nor hummock cover had a significant effect in the model, nor did the total number of
vegetation layers.

0.6 4 Hummock cover
0.4
Il layer cover
02 CAM_STE sco_cos
Fe
g
«©
,:: 0.0
o~
é | layer cover
CAL_CUS
—-0.2 1 -
Mg
HAM_VER
_0'4 4
—0.6 SCO_sco
Surface water
_0'8 g
-2.0 -15 -1.0 -0.5 0.0 0.5 1.0 1.5

RDAL1 (43.0%)

Figure 6. RDA biplot of bryophyte species composition constrained by environmental variables.
Arrows represent the seven environmental parameters with significant marginal effects (p < 0.01,
permutation test, 999 permutations) out of sixteen tested. Only bryophyte species with goodness-of-fit
R? > 0.3 to the first two RDA axes are displayed.
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Figure 7. Results of Spearman’s rank correlation analysis across all study subplots and within
individual groups, showing the relationships between total bryophyte cover and vegetation layer
development. Values equal to or greater than 0.5 (blue) (or —0.5 (red)) were considered to indicate a
significant correlation.

Table 4. Results of the generalised linear mixed-effects model (GLMM) testing the effects
of vertical vegetation structure and microrelief on total bryophyte cover. Significance codes:
***p <0.001; **p <0.01;* p < 0.05;p <0.1.

Parameter Estimate SE V4 P

(Intercept) 3.95 1.11 3.53 *HE
Layer I cover —0.00 0.00 -0.01

Layer I height —0.09 0.03 —2.73 o
Layer II cover —0.00 0.00 -1.79

Layer II height —0.02 0.01 -1.95

Layer III cover —0.02 0.00 -3.13 *
Layer III height —0.01 0.00 —2.37 *

Layer IV cover —0.05 0.01 -3.35 o
Layer IV height 0.00 0.00 0.62

Surface water —0.00 0.00 —0.05

Hummock cover 0.00 0.00 0.92

Number of layers —0.01 0.36 —0.04

Taken together, the GLMM results support and extend the group-level correlation
patterns: while I layer cover itself was not a significant predictor once all layers and the
nested sampling structure were accounted for, the height of the lowest layer, together with
the cover and height of the III and IV layers, emerged as the main factors suppressing
bryophyte cover across the full dataset. This indicates that bryophyte cover is primarily
governed by the vertical development of the upper vascular vegetation, rather than by hy-
drological or microtopographic gradients, which—although important for shaping species
composition (see RDA results above)—did not significantly affect total bryophyte cover.
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4. Discussion

Our results show that vertical structural differences in herb cover of rich fens in
Lithuania are primarily aligned with the same factors as differences in species diversity,
i.e., water level and microrelief conditions [5]—key drivers that concurrently shape species
richness [48].

Two specific topographic configurations, an even microrelief and a high water level,
are favourable for the development of plant communities of low sedges (Carex limosa, C.
panicea), characterised by low total herb cover [5]. Such an open structure of herb vegetation
is favourable for the development of a complete bryophyte cover by reducing interspecific
competition [49]. These conditions usually support hygrophilous bryophyte communities
dominated by Scorpidium scorpioides, Scorpidium cossonii, and Campylium stellatum (Groups
A and B-1), species characteristic of stable, calcium-rich, waterlogged fen conditions. This is
evident when analysing both species-poor two-layered plant communities and communities
differentiated into three layers: neither the second nor the third layer is abundant, so neither
affects bryophyte coverage.

Further, our results illustrate how changes in microtopography, alongside hydrological
and hydrochemical changes, are associated with the vertical structure of vegetation. As
the fen becomes more hummocky, higher vascular plant species richness co-occurs with a
greater differentiation of the herb layers. In addition to the layer of herbs growing close
to the bryophytes, which consists of rosette and creeping plants, layers of broad-leaved
herbs and tall sedges, as well as layers of grasses, become differentiated. On the one
hand, this microtopographic diversity and the resulting heterogeneity in hydrological
conditions promote higher bryophyte species richness, as specialised species colonise
distinct hummock, lawn, and hollow biotopes [48,49]. On the other hand, this vertical
complexity introduces intense competition for light. Lacking roots and low in stature,
bryophytes are highly susceptible to shading by taller plants [50]. Consequently, our first
hypothesis (H1), which posited that increasing vertical complexity is associated with lower
bryophyte cover due to increased shading, was only partially supported. Our results
reveal that this shading does not necessarily lead to a decline in total bryophyte cover in all
structural groups but rather drives a structural rearrangement of the bryophyte community.

In habitats where hummocks alternate with depressions filled with water, the second
layer is composed of broad-leaved herbs such as Menyanthes trifoliata and Caltha palustris
(as observed in group B-2), which cast dense shade. Traditionally, it is widely accepted
that at the highest values of vascular plant cover, light availability becomes insufficient to
maintain bryophyte viability [51], often resulting in a strong negative correlation between
the two groups, e.g., in deciduous forests [14] and alvars and meadows [10]. Interestingly,
in our fen communities, despite the intense canopy cover of group B-2, the total bryophyte
layer does not collapse but instead undergoes compositional turnover while retaining
substantial cover. This is also confirmed by Ingerpuu’s [10] statement that the correlation
between vascular plant and bryophyte cover in fens is not significant, as the relationship
between the two plant groups is often contradictory; while excessive shading suppresses
light-demanding taxa, a moderate canopy can facilitate bryophytes by creating a humid
microclimate. Because bryophytes lack roots and rely on external water held between their
stems and leaves, shade reduces evaporation and shields them from drying winds [52,53].
Consequently, the high coverage in group B-2 is achieved through a near-complete turnover
of species rather than a decline in total coverage. This species turnover strongly supports
our second hypothesis (H2), confirming that different structural groups indeed support
distinct bryophyte assemblages. The dense shade, largely from M. trifoliata, filters out
photophilous fen specialists like Scorpidium cossonii—which thrives under the more open
canopy of group B-1—and facilitates the establishment of shade-tolerant species, most
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notably Calliergonella cuspidata [54]. Furthermore, this phenomenon directly refutes our
third hypothesis (H3), which assumed that structural groups dominated by broadleaf
plants (such as the M. trifoliata-dominated group B-2) would exert a stronger negative
influence on total bryophyte cover than those dominated by narrow-leaf plants. Instead,
the broadleaf canopy facilitated a high cover of shade-tolerant bryophytes by maintaining
a humid microclimate, whereas narrow-leaf graminoids in other groups proved to be
more detrimental to the bryophyte layer. It is important to consider this when managing
wetlands with rising water levels. The rapid expansion of M. trifoliata and other herbaceous
species with similar ecological requirements can significantly alter the characteristic species
composition of fen bryophyte cover.

The communities of groups B-3 and C, characterised by a well-developed higher
layer, represent progressively advanced microrelief stages—with hummock development
most pronounced in group C—and exhibit several atypical hydrochemical shifts, linked to
microtopographic aeration and peat mineralisation. In line with H1, the analysis of the rela-
tionship between vertical structure and bryophyte cover in groups B3 and C demonstrates
that the abundant development of higher vegetation layers eventually crosses a threshold,
beyond which it negatively affects the bryophyte cover. This occurs even in areas with
a less abundant layer of broadleaf herbs in more hummocky locations. The reduction in
bryophyte cover in these groups is more closely associated with the overall vascular plant
cover: in group B-3, the dense graminoid canopy of the third layer showed the strongest
negative association, while in group C the group-level correlations instead pointed to the
tallest, helophyte-dominated fourth layer—consistent with the overall GLMM, in which
IV layer cover was the strongest negative predictor of bryophyte cover across the full
dataset (estimate = —0.0599, p < 0.001). This further clarifies H3, demonstrating that tall,
narrow-leaf, and dense graminoid or helophyte layers (IIl and IV layers) actually exert a
far more severe limiting effect on total bryophyte cover than the lower broadleaf herb layer
(I layer).

A parallel hydrochemical shift was recorded, which may signal a potential decoupling
of the surface layer from the calcareous groundwater as hummocks elevate. Moreover,
group B-3 was marked by a pronounced spike in PO,*>~ concentration at specific outlier
sites, while group C displayed elevated NO3™ concentrations alongside a wide amplitude
of NH4". That is a clear indicator of enhanced nitrification processes occurring in the
better-aerated upper layers of the hummocks, while high PO,3~ levels point to intense
organic matter decomposition in these drier microhabitats [9,55,56]. Under these progres-
sively eutrophic and drier conditions, competitive and highly competitive species thrive.
Calliergonella cuspidata, frequently documented as an indicator of eutrophic, disturbed, or
highly mineralised fen habitats, exhibits a strong tolerance for such nutrient flushes [57].
Similarly, productive helophytes, such as Phragmites australis and Typha sp., can rapidly
expand through rhizomatous growth under these conditions. The literature indicates that
under enriched conditions, P. australis and Typha sp. communities significantly enhance
nitrogen and phosphorus cycling in wetland soils, forming dense monocultures that reduce
overall biodiversity [58-60]. Although these large helophytes are not yet dominant in our
studied habitats, their potential expansion poses a severe shading and space risk. This
hydrochemical and physical shift shifts the bryophyte layer away from specialised, rich-fen
true bryophytes toward more opportunistic, nutrient-loving species such as Calliergonella
cuspidata, Marchantia polymorpha, Drepanocladus aduncus, and Brachythecium mildeanum [54].
This divergence in species composition across different microtopographical and structural
states provides further robust evidence in support of H2. Our findings are important
because there is little information available on how the structure of vertical vegetation
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influences the distribution of rare bryophytes and the maintenance of species-rich fen
communities [61].

It is important to emphasise that, according to the GLMM results, hydrological and
microrelief conditions did not significantly affect total bryophyte cover, which was primar-
ily governed by the vertical development of the upper vascular layers, a pattern consistent
with the partial support for H1 noted above; hydrochemistry and microtopography instead
played a decisive role in shaping bryophyte species composition (see RDA results above)
and in the significant variation in other abiotic factors observed among these physiog-
nomically distinct plant communities. The distinct hydrochemical signatures, particularly
the combination of high mineral content and localised nutrient flushes, suggest that these
habitats are intimately linked to spring flushes and groundwater seepage points. This
environmental heterogeneity highlights that soil and water chemistry act as indirect but
powerful filters, working in tandem with microtopography to dictate the fine-scale patchi-
ness and vertical stratification of both the vascular plant and bryophyte layers.

Overall, our results fully support H2, while H1 and H3 were only partially sup-
ported, highlighting that bryophyte responses depend not only on vegetation complexity
itself but also on the identity of the dominant vascular plant layer and the associated
environmental context.

5. Conclusions

This study shows that the vertical structure of herbaceous vegetation in rich fens is
closely linked to total bryophyte cover and species diversity. Instead of a simple negative
relationship with the total herb layer, bryophyte abundance and distribution correspond
with the development of specific vegetation layers, indicating these groups share the
vertical space. Ultimately, examining the vertical structure of fen plant communities
provides valuable additional information for evaluating habitat conditions. Monitoring
these visually distinct structures can help us predict negative changes in the community,
including drops in bryophyte diversity and cover caused by environmental changes or
habitat management.
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Appendix A

Table Al. SIMPER analysis showing the bryophyte species contributing most to the dissimilarity
in species composition among the five vertical structural groups (A, B-1, B-2, B-3, C). Av. dissim.—
average dissimilarity contributed by the taxon; Contrib. %—percentage contribution to overall
dissimilarity; Cumulative %—cumulative contribution; A-C—mean abundance (cover-derived index)
of the species within each group.

Species Av. dissim.  Contrib. %  Cumulative % A B-1 B-2 B-3 C
Scorpidium cossonii 0.22 2591 2591 49.95 33.15 8.90 471 2.29
Scorpidium scorpioides 0.15 17.90 43.81 39.35 21.19 1.92 0.71 0.00
Calliergonella cuspidata 0.12 14.06 57.87 0.00 5.51 21.74 8.59 14.77
Plagiomnium ellipticum 0.07 8.44 66.31 0.00 0.15 3.38 12.35 8.66
Hamatocaulis vernicosus 0.07 8.12 74.43 0.00 6.48 7.36 1.59 1.17
Marchantia polymorpha 0.07 7.84 82.27 0.00 2.79 4.00 7.94 11.77
Campylium stellatum 0.03 4.10 86.37 4.70 6.71 1.90 0.00 0.29
Tomentypnum nitens 0.03 3.30 89.67 0.00 6.69 1.74 0.94 0.17
Aulacomnium palustre 0.03 3.01 92.68 0.15 1.50 0.22 2.71 391
Plagiomnium elatum 0.02 2.64 95.32 0.10 3.36 3.08 0.00 0.86
Sphagnum warnstorfii 0.01 1.05 96.37 0.00 3.26 0.00 0.00 0.09
Drepanocladus trifarius 0.01 0.70 97.07 0.40 0.21 0.18 0.54 0.90
Calliergon trifarium 0.00 0.56 97.63 0.00 0.10 1.54 0.00 0.00
Brachythecium mildeanum 0.00 0.55 98.18 0.00 0.03 0.00 0.12 1.11
Cinclidium stygium 0.00 0.53 98.71 0.95 0.20 0.51 0.00 0.00
Drepanocladus aduncus 0.00 0.44 99.15 0.00 0.00 0.10 0.12 0.63
Climacium dendroides 0.00 0.42 99.57 0.00 0.02 0.00 0.00 1.14
Helodium blandowii 0.00 0.20 99.77 0.00 0.29 0.00 0.03 0.20
Calliergon giganteum 0.00 0.13 99.90 0.00 0.10 0.05 0.00 0.26
Meesia triquetra 0.00 0.08 99.98 0.00 0.11 0.00 0.18 0.00
Sphagnum divinum 0.00 0.01 99.99 0.00 0.04 0.00 0.00 0.00
Polytrichum stricyum 0.00 0.01 100.00 0.00 0.02 0.00 0.00 0.00
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