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Ecological patterns of Fontinalis
antipyretica and Fontinalis
hypnoides distribution in
Bulgarian rivers, and relevance to
ecological status assessment

Gana Gecheva®?*, Rayna Natcheva? and Anna Ganeva?

'Faculty of Biology, Plovdiv University, Plovdiv, Bulgaria, Institute of Biodiversity and Ecosystem
Research, Bulgarian Academy of Sciences, Sofia, Bulgaria

The Water Framework Directive (WFD) initiated an extensive survey of European
surface waters and their biological communities. In Bulgaria, aquatic
macrophytes were included in the ecological status assessment for the first
time in 2009 through the adaptation of the Reference Index, which reflects the
influence of multiple stressors. Aquatic bryophytes constitute a significant
component of the indicator taxa, with the genus Fontinalis, being the most
widespread. Two species of the genus, F. antipyretica and F. hypnoides, have
been assigned to different ecological groups: the former to indifferent (group B),
and the later to reference indicators (group A). The distribution, abiotic and biotic
preferences of these two species were studied in order to refine the macrophyte-
based Reference Index and broaden the knowledge on the ecology of the
species. Three datasets were used: 421 detailed field survey records
conducted between 2009 and 2024, 21 literature sources with 73 records,
and 43 herbarium records. Only field survey data were used to compare
percent distribution and conduct ecological analyses, as literature and
herbarium records are not directly comparable due to differing sampling
methods and temporal coverage. Fontinalis antipyretica records appeared to
be 11% from the field survey database, while F. hypnoides had distribution at only
four river sites (1%). Fontinalis antipyretica exhibits greater ecological amplitude,
including tolerance for higher elevations and broader flow conditions. It also
exhibits a broader distribution in physico-chemical characteristics of the river
water: conductivity (31.3-4,380 puS cm™) and total nitrogen (TN, 0.07-3.3 mg L™,
consistent with its ecological generalism. Fontinalis hypnoides, although based
on fewer samples, displays narrower distributions, particularly in pH and TN
(<1 mg L™) - supporting its sensitivity to physico-chemical parameters. This
finding is promising regarding its allocation as an indicator of reference
conditions. The overlap in co-existing species indicates a certain degree of
ecological similarity between the two Fontinalis species, reflecting their
preference for similar aquatic macrophyte assemblage types.

Fontinalis  antipyretica,  Fontinalis = hypnoides, aquatic moss, indicator,
reference condition
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1 Introduction

The Water Framework Directive (Council of the European
Communities, 2000) initiated an extensive survey of European
surface waters and their biological communities (Birk et al,
2012). In the context of the Water Framework Directive, river
types
hydromorphological and ecological characteristics,
reference conditions describe the state of minimal or no human

refer to groups of rivers sharing similar

while

impact, representing the natural baseline against which ecological
status is assessed. As a biological quality element, aquatic
macrophytes stand out for their high ability to persist compared
to other groups of organisms, which allows for a highly integrative
bioindication assessment (Tremp and Kohler, 1995). Accurate
evaluation of ecological status can be achieved through proper
mapping of macrophyte indicators in running waters.

A new assessment system for macrophytes in German rivers was
developed in line with the EU Water Framework Directive, defining
river types and reference conditions based on biological, chemical,
and hydromorphological data from over 200 sites. Deviation from
reference vegetation was used to assess degradation, and new
metrics were proposed for classification into five ecological status
classes (Schaumburg et al., 2004). This approach was later applied in
Bulgaria in 2009 through the adaptation of the Reference Index to
the conditions of Bulgarian running waters (Gecheva et al., 2013). In
the following years, the biological dataset expanded alongside key
abiotic characteristics (flow velocity, substrate type, shading and
mean depth, and water chemistry parameters).

Aquatic bryophytes are dominant in the vegetation composition
of mountain reference rivers and constitute a significant component
of the indicator taxa as their presence in watercourses is negatively
affected by reduction in flow velocity, clarity, substratum size, and by
the deterioration of chemical status (Ceschin et al., 2012). Several
biotic indices are based on the presence and abundance of aquatic
macrophytes, including bryophytes: e.g. Mean Trophic Rank (MTR)
for assessing the trophic status of rivers (Dawson et al., 1999), IBMR
system (L’Indice Biologique Macrophytique en Riviere) for assessing
water trophy and organic pollution (Haury et al, 2006), River
Macrophyte Nutrient Index (RMNI) along with related metrics
like the River Macrophyte Hydraulic Index (RMHI) as part of a
multimetric approach (Willby et al., 2012), and Macrophyte Index
for Rivers (MIR) developed in Poland (Szoszkiewicz et al., 2019).
The majority of bryophytes used in these indices are recognized as
good indicators, as they typically exhibit narrow ecological tolerance
and a preference for oligotrophic to mesotrophic waters.

Fontinalis Hedw. is the most widespread moss genus in lotic
habitats. Members of the genus Fontinalis are obligate aquatic
species (Glime, 2017a). These mosses form large pseudocarps
with long, sympodially branched stems. Fontinalis spp. are
restricted to stable substrates and are negatively affected by
periodic and rapid flow fluctuations as well as by overall habitat
degradation (Gecheva et al, 2021). In general, upland streams,
usually dominated by bryophyte vegetation, are known to lose
their rheophilous bryophyte communities when influenced by
multiple stressors such as hydromorphological and chemical
lead to the
disappearance of bryophytes because the stimulated growth of

disturbance. Nutrient pollution can often

periphyton on their surfaces causes competition for light and

Frontiers in Environmental Science

10.3389/fenvs.2025.1715526

CO, (Glime, 2017b).
nitrogen, may promote tracheophyte dominance over bryophytes

Elevated nutrient levels, particularly

through competitive interactions and can also shift bryophyte
community composition. Nevertheless, in the compilation of
Ellenberg N values for Central European bryophytes (Simmel
et al., 2021), both species are assigned a value of 6, indicating
comparatively high nutrient availability in their habitats.

In contrast, inorganic pollutants are commonly monitored using
bryophytes due to their high bioaccumulation capacity. Fontinalis
antipyretica Hedw. has historically been used to indicate metal
deposits and is now among the most widely applied and well-
established biomonitors in European freshwaters (Gecheva et al.,
2023). Recent studies have also reported the bioaccumulation of
polycyclic aromatic hydrocarbons (Carrieri et al, 2021) and
pharmaceuticals (Alaoui et al., 2021) in F. antipyretica.

Two species of this genus have been assigned to different
ecological groups within the framework of the Reference Index
following the concept of positive, negative and indifferent indicator
species. Fontinalis hypnoides C. Hartm. represents reference taxa
group, indicating “good” status, while F. antipyretica is among
species without preferences for reference or other specific
conditions. The main goal of this study was to determine
whether the two representatives of the genus should indeed be
regarded as belonging to different indicator groups, and, if
necessary, to re-evaluate their indicator potential and their
assignment to the based on new
data
conducted in Bulgaria within the implementation of the

established  groups

comprehensive collected during macrophyte surveys
Reference Index between 2009 and 2024. For this purpose,
hydromorphological (mean width, substrate, flow velocity,
shading), physico-chemical (pH, electrical conductivity, total
nitrogen, BOD), and biotic (abundance, co-occurring taxa)
parameters obtained during the field surveys were analyzed. In
addition, existing herbarium and literature records were included
to explore the geographical and altitudinal distribution of the genus
in Bulgaria.

2 Materials and methods
2.1 Study area and sampling

The majority of literature and herbarium data (Figure I;
Supplementary Material 1,2) come from Western Balkan Mts.
(Papp et al,, 2006; Ganeva et al., 2008), Rila Mt. (Podpéra, 1911;
Ganeva, 1997; Ganeva, 2000; Ganeva and Dull, 1999; Papp et al,,
2006), and Vitosha Mt. (Podpéra, 1911; Hajek et al., 2005; Papp et al.,
2006). probably because these mountains have always been of
bryological interest. Mountain rivers and streams there are
important habitats for bryophytes. Additional records have been
reported from the Mesta and Maritsa rivers in Southern Bulgaria
(Gecheva et al.,, 2010), and from Strandzha Mt. (Papp et al., 2011) in
the SE Bulgaria.

The study area covers the entire territory of Bulgaria, with
sampling sites selected from the national monitoring network
and representing all defined river types. The sites were studied
during national monitoring and research projects conducted in
Bulgaria between 2009 and 2024.
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FIGURE 1

data; triangle - detailed field survey records.

Spatial distribution of sampling localities for Fontinalis species. Legend: red - F. antipyretica, black - F. hypnoides, circle-literature and herbarium

Aquatic macrophytes were recorded along up to 100 m long
section following a zigzag pattern. The nomenclature followed Hill
etal. (2006) for mosses, Euro + Med for vascular plants. The species
abundance was recorded using a five-level scale (Kohler, 1978): 1 =
very rare, 2 = infrequent, 3 = common, 4 = frequent, 5 = abundant,
predominant.

Additionally, four abiotic hydromorphological parameters were
recorded: flow velocity, shading, substrate type and mean depth.
These were determined semi-quantitatively using class scales to
allow fast and straightforward field assessment, following
Schaumburg et al. (2004). Shading was evaluated on a five-point
scale (1 = completely sunny, 2 = sunny, 3 = partly overcast, 4 = half
shaded, 5 = completely shaded). Flow velocity was assessed using a
six-point scale: I = not visible, IT = barely visible, IIT = slowly
running, IV = rapidly running (moderate turbulences), V = rapidly
running (turbulently running), VI = torrential. Substrate
composition at each sampling site was estimated in 5%
increments across a seven-point scale: % mud, % clay/oam, %
fine and coarse sand, % gravel, % stones and % boulders. Mean
depth was categorized into three classes (I = 0-30 cm, II =
30-100 cm, IIT >100 cm).

In situ measurements of acidity (pH) and electrical
conductivity (EC, pS cm™) of river water were done using
calibrated WTW pH/Conductivity meter. Biochemical oxygen
demand and total nitrogen were analyzed following adopted
standards (EN 1899-2:2004; EN ISO 11905-1:2001) in
accredited laboratories.
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2.2 Data collection

Three datasets were used: (i) 421 detailed field survey records
which represent available aquatic macrophyte survey records
collected during national monitoring and research projects
conducted in Bulgaria between 2009 and 2024. Sampling
followed the EU standard EN 14184. The geographic coordinates
and altitude of each site were recorded on site using a handheld GPS
unit. The field protocols included hydromorphological (river mean
width, substrate composition, flow velocity, shading), physico-
chemical (pH, electrical conductivity, total nitrogen, BOD), and
biotic (abundance, co-occurring taxa) parameters of watercourses
where Fontinalis species were recorded, which were used in
subsequent analyses; (ii) 21 literature sources from the period
1902-2019 - a total of 73 records (Supplementary Material 1);
and (iii) 43 herbarium records at SOM from the period 1902-
2025 (Supplementary Material 2). Five records that appeared in
both the literature and herbarium datasets were excluded from the
former. For the latter two datasets, only altitude, longitude, and
latitude were extracted, as other information was either missing or
provided in non-standard formats. Older records without
geographic coordinates but with well described localities were
georeferenced using topographic maps and satellite images. The
elevation for these records was extracted from a digital elevation
model (DEM) at a resolution of 20 m. Although this elevation
information is less precise, it was retained in order to ensure that
valuable historical data were included.
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2.3 Data analysis

Ordination analysis (PCA) in CANOCO 5 (Ter Braak and
Smilauer, 2002) was applied to examine linear patterns in
accompanying macrophyte species within habitats occupied by F.
antipyretica. The analysis was based on presence - absence data for
all recorded taxa. Preliminary Detrended Correspondence Analysis
(DCA) indicated a negligible gradient length, confirming the
appropriateness of a linear ordination method. Environmental
variables were included as supplementary variables to aid
The
substrate type was coded numerically according to the relative

interpretation of the ordination gradients. dominant
shares of the following categories: mud (1), clay/loam (2), fine
sand (3), coarse sand (4), gravel (5), stones (6), and rocks (7).
Multiple regression was applied to evaluate the effect of physico-
chemical variables on species abundance using Statistica 12 software
(StatSoft Inc, 2013). The dataset satisfied the assumptions of
checks and
visualizations were performed in Python 3.10 (Python Software
Foundation, 2023) using the pandas (McKinney, 2010) and
Matplotlib libraries (Hunter, 2007). Maps were created with Esri
ArcMap 10.2.2.

normality and homoscedasticity. Diagnostic

3 Results

A total of 116 records of Fontinalis species were compiled from
literature sources and herbarium data. F. antipyretica was
represented by 68 literature records and 40 herbarium specimens,
among them F. antipyretica subsp. gracilis was recorded in
3 literature sources and 4 herbarium specimens. Fontinalis
hypnoides was represented by 5 literature records and
3 herbarium specimens (including F. hypnoides var. duriaei).
Detailed information on all records and specimens is provided in
Supplementary Material 1,2, respectively.

Field surveys documenting Fontinalis species were conducted
at 44 sites along 37 rivers in Bulgaria (Supplementary Material 3).
Most of the surveyed sites were classified as alpine (n = 5),
mountain (n = 27), or semi-mountain (n = 12); the remaining
seven sites were lowland rivers, located within Ecoregion 7
(Eastern Balkans) and Ecoregion 12 (Pontic province). The
sites were natural with only two designated as highly modified
water bodies, and several are considered potentially undisturbed.
Fontinalis antipyretica records appeared to be 11% from the field
survey database, while F. hypnoides had distribution at only four

river sites.

3.1 Abiotic parameters: hydromorphological
and physico-chemical

Fontinalis antipyretica is primarily associated with mountain
rivers, but it has also been registered in alpine, semi-mountainous,
small
hydromorphological pressure (Figure 1). Thus, it has a broad

and  medium-sized lowland rivers free from
altitudinal gradient, ranging from the sea level to at least 2,400 m
a.s.l, with a median of 794 m. It typically inhabits medium-shaded

sites with moderate to fast flow velocity, and prefers coarse
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substrates. Fontinalis hypnoides had a much narrower altitudinal
range in Bulgaria: 17-692 m a.s.l. (median 262 m) and occupied
moderately shaded sites with slower current velocity and similar
substrate preference.

Fontinalis antipyretica also exhibits a broader distribution in
physico-chemical characteristics of the river water (Figure 2):
pH (6.83-9.05), electrical conductivity (31.3-4,380 pS cm™), total
nitrogen (0.07-3.3 mg L) and BOD (0.59-4.8 mg L™).

Fontinalis hypnoides was recorded under near-neutral to
moderately alkaline conditions (pH 7.57-8.3, median 8.08), with
moderately mineralized waters (conductivity 384-459 pS cm™,
median 399), total nitrogen concentrations below 1 mg L’
(median 037 mg L"), and BOD values between 1.5 and
2.5 mg L' (median 1.63 mg L™).

Fontinalis antipyretica showed weak, statistically non-
significant correlations (R*> = 0.064, p = 0.715) with
pH (b = -0.08), electrical conductivity (b = 0.092), total

nitrogen (b = 0.194), and BOD (b = —0.01), indicating no clear
environmental preference. Similarly, F. hypnoides exhibited a
negative but non-significant relationship with total nitrogen
(R* = 0.922, b = -0.96, p = 0.131). Although the relationships
were not statistically significant, the data suggest that F.
antipyretica may tolerate a broad range of environmental
conditions, while F. hypnoides tended to decrease in abundance
with increasing total nitrogen.

3.2 Biotic parameters

Seventeen accompanying taxa were recorded in aquatic
macrophyte assemblages (Table 1). The most frequently co-
occurring taxa with F. antipyretica were Platyhypnidium
(28%), (11%),
Mpyriophyllum spicatum, Potamogeton nodosus, Leptodictyum

riparioides Brachythecium  rivulare
riparium (8.5% each), Ranunculus trichophyllus and Chara
spp. also appeared several times (>4%). For F. hypnoides,
fewer records were available, but the same species (P.
riparioides, Chara spp., M. spicatum) were noted. In half of
the cases, F. antipyretica dominated aquatic macrophyte
communities, primarily forming monodominant associations.
In several instances, it is the dominant species in communities
consisting only of bryophytes (e.g., P. riparioides, B. rivulare),
and in two cases, it dominated alongside vascular plants (M.
spicatum, P. nodosus).

The PCA ordination of macrophyte communities (Figure 3)
showed clear separation of sampling sites along the first two axes,
which together explained 44.6% of the total variation in species
composition (Axis 1: 29.8%, Axis 2: 14.8%). Axis 1 represented a
gradient from fast-flowing sites with coarse substrate to slow-
flowing, finer-substrate sites associated with higher BOD, pH,
and EC values. Axis 2 was mainly related to total nitrogen (TN)
and, to a lesser extent, mean river width and shading, distinguishing
wider and more nutrient-enriched sites from narrower, less enriched
ones. Species such as P. nodosus, M. spicatum and L. riparium were
positioned towards the nutrient-rich, slow-flowing end of the
gradients, whereas P. riparioides, B. rivulare and Chara spp. were
associated with faster current, coarse substrate and nutrient poor
conditions.
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FIGURE 2

Boxplots of pH, conductivity (C uS cm™), total nitrogen (TN mg L), and biochemical oxygen demand (BOD mg L) across sites with F. antipyrectica
records. (Boxes = interquartile ranges, blue horizontal lines = medians, black circles = means.)

4 Discussion

Fontinalis hypnoides is generally much rarer across the studied
area—it accounted for about 7% of the literature and herbarium
datasets. Its occurrence at only four sites during the field surveys was
consistent with its overall scarcity. The reasons for this remained
unclear, given that all Fontinalis species benefit from downstream
dispersal in running waters through efficient vegetative propagation
(Glime, 2020). For example, F. antipyretica is capable of
regenerating from nearly any part of the gametophyte and
produces gemmae that may form in response to declining water
levels (Ares et al., 2014). Our findings for F. hypnoides, which has
consistently been observed in a sterile state - while sporophytes have
been recorded only twice in F. antipyretica - support this pattern.
Another trait reported to give F. antipyretica an advantage that
enables it to thrive in contrasting habitats, and which may also apply
to F. hypnoides, is its streamer growth form, allowing survival in
both relatively fast-flowing and nearly stagnant waters (Glime,
2020). A possible factor limiting the wider distribution of F.
hypnoides could be water temperature, as the moss showed
reduced vitality at temperatures above 15 °C (Glime, 1982).

The field dataset compiled of the records of the two Fontinalis
species from Bulgarian rivers was used to determine whether spatial
patterns in their distribution follow their indicator status within the
context of the Reference Index. The physico-chemical conditions
recorded across sites reflect a broad ecological spectrum of F.
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antipyretica, from near-pristine to moderately impacted waters.
The measured pH values (6.83-9.05) indicate conditions ranging
from near neutral to moderately alkaline, which are typical for
hardwater streams influenced by carbonate geology. Such
conditions are generally favorable for aquatic bryophytes, as most
species tolerate neutral to alkaline waters (Kaijser et al., 2022).
Median conductivity (258 pS cm™) indicates that most sites are
moderately mineralized, consistent with the prevalence of carbonate
geology in the region, whereas the extreme maximum (4,380 pS cm™)
was restricted to a transitional river type. Such variation in ionic
strength can directly influence bryophyte distribution, since many
aquatic mosses are tolerant of moderate mineralization but are
progressively excluded at very high conductivities. Previous
research in Croatian watercourses found that the abundance of
F. antipyretica increased continuously with conductivity, reaching a
maximum at values above 900 uS cm™, indicating a preference for
relatively high conductivity levels (Rimac et al., 2022). Alkaline
(8.3-8.6) waters with moderate conductivity (330-440 pS cm™)
were reported to favor the species in mountain streams in Italy
(Ceschin et al., 2015).

Total nitrogen concentrations (median 0.5 mg L™') point to
generally oligotrophic to mesotrophic conditions, although the
upper range (from 2 to 3.3 mg L'; Figure 2) suggests local
nutrient enrichment that may favor tracheophytes and algae at
the expense of bryophytes. Similar nitrogen maximum range
between 2 and 3 mg L' was recently reported (Rimac et al,

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1715526

Gecheva et al.

TABLE 1 List of recorded accompanying taxa and their abbreviations
(Nomenclature after Hill et al., 2006 and EuroMed PlantBase, 2006).

Taxa Authority Abbreviation
Brachythecium rivulare Schimp. BRA.RIV
Callitriche cophocarpa Sendtn. CAL.COP
Chara sp. CHA
Climacium dendroides (Hedw.) F.Weber and D.Mohr = CLLDEN
Lemanea sp. LEM
Leptodictyum riparium (Hedw.) Warnst. LEP.RIP
Marchantia polymorpha L. MAR.POL
Myriophyllum spicatum L. MYR.SPI
Myriophyllum verticillatum = L. MYR.VER
Nuphar lutea (L.) Sm. NUP.LUT
Philonotis fontana (Hedw.) Brid. PHI.FON
Platyhypnidium riparioides = (Hedw.) Dixon PLARIP
Potamogeton crispus L. POT.CRI
Potamogeton natans L. POT.NAT
Potamogeton nodosus Poir. POT.NOD
Potamogeton pusillus L. POT.PUS
Ranunculus trichophyllus Chaix RAN.TRI

2022). Similarly, BOD values (median 1.5 mg L") indicate good

oxygen status at most sites, with occasional elevations
(>3-4 mg L") reflecting moderate organic loading. Overall, F.
antipyretica exhibits broad ecological variability, occurring
across a wide altitudinal range and along diverse
environmental gradients.

At the studied locations, F. hypnoides was consistently
associated with near-neutral to moderately alkaline waters of
moderate conductivity. The species is neutrophilous to
basophilous with  naturally or

anthropogenically reduced flows (Vieira et al., 2014). The

and is  associated
relatively low nutrient and organic load at studied sites
suggest that F. hypnoides may be more restricted to stable,
less enriched habitats compared to the broader ecological
amplitude observed for F. antipyretica. This confirmed its
allocation as an indicator of reference conditions. However,
given the small sample size, further records are needed to
confirm whether this reflects the species’ true ecological
preferences or local habitat availability.

Our observations show that F. antipyretica usually forms
monodominant stands; when other macrophytes are present,
their number is typically limited to about two accompanying
species. This pattern is consistent with previous reports
describing monocultures of F. antipyretica or communities
dominated by this species with only one or two associates (Lang
and Murphy, 2012). The most frequently co-occurring taxon with
both Fontinalis species was another obligate-aquatic moss P.
riparioides,
antipyretica (Scarlett and O’Hare, 2006; Lang and Murphy,

which is commonly found together with F.
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2012). Among vascular macrophytes, M. spicatum was the most
frequently associated species for both mosses. The overlap in co-
occurring species suggests a degree of ecological similarity between
the two Fontinalis species and the macrophyte communities with
which they are associated.

The PCA (Figure 3), which explains 44.6% of the total
that the
separation of sites occupied by F. antipyretica is largely
associated with hydromorphological and physico-chemical

variation in species composition, indicates

gradients, as shown by the orientation and strength of the
environmental vectors. Sites grouped on the left of the
diagram (e.g. sampling sites 8, 9, 15, 23, 25, 28, 32, and 38)
were characterized by higher flow velocity and coarser
substrates, conditions that favored rheophilic taxa such as P.
riparioides, B. rivulare, and Chara spp. These macrophyte
assemblages indicate oligotrophic environments typical of
upper and mid-reach river sections. In contrast, sites
positioned on the right and upper parts of the ordination
(e.g. 5,7, 11, 19, 34, and 37) corresponded to slower-flowing,
finer-substrate, and more nutrient-enriched habitats with
elevated BOD, pH, EC, and TN values. These sites supported
species such as P. nodosus, M. spicatum, L. riparium, and P.
pusillus, which are typical of lowland, depositional
environments. Intermediate sites (e.g. 10, 13, 18, 21, and 30)
showed moderate current velocity and conductivity, hosting
mixed communities that included R. trichophyllus, P. natans,
and Callitriche spp. This pattern suggests a gradual transition
from high-energy, coarse-bed habitats to low-energy,
macrophyte-dominated reaches. Overall, F. antipyretica tends
to coexist with rheophilic and shade-tolerant macrophytes in
cooler, fast-flowing sections of rivers, with coarse substrates,
typical of mountain and semi-mountain streams. Such river
stretches are usually subject to low anthropogenic impact,
which with the fact that the

characteristic of the so-called “moss

correlates species is

zone” of shallow
mountain brooks with coarse substrate, high flow velocities,
and low alkalinity and total phosphorus concentrations (Kaijser
et al., 2022). Nevertheless, its occurrence with high abundance
also in lowland rivers, within open reaches dominated by
vascular macrophytes such as Myriophyllum, highlights the
species’ broad ecological tolerance to both abiotic and biotic
variability. The PCA results therefore support the classification
of F. antipyretica as a representative of indifferent indicator
group in Bulgarian rivers. Such broad ecological tolerance
regarding the environmental gradients and intermediate
behavior was reported from France (Vanderpoorten et al,
1999), Ttaly (Ceschin et al., 2012) and Croatia (Rimac et al,,
2022). Moreover, due to its easy recognition and broad
distribution F. antipyretica has been used as a target species
in numerous in situ and ex situ biomonitoring studies and its
presence in both low- and highly impacted environments is well
documented (e.g. Vazquez et al., 20205 Alaoui et al., 2021; Rajala
et al., 2025).

Our study confirms that F. antipyretica and F. hypnoides belong
to different indicator groups - the former being not closely
associated with specific conditions and therefore classified as an
indifferent taxon, and the latter as an indicator taxon for “good”
ecological status.
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PCA ordination diagram showing relationships between macrophyte species (green labels), sampling sites (green triangles), and supplementary
environmental variables (blue arrows) across sites occupied by F. antipyretica. For abbreviations see Table 1. Numbers correspond to sampling sites as

listed in Supplementary Material 3.
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