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1. Introduction

Chrysophycean  algae are predominantly
microscopic  single cells or colonial plankton,
with several benthic macroscopic representatives
(Kristiansen 2005; Klaveness et al. 2011; Nicholls,
Wujek 2015). One of the atypical benthic macroscopic
members is the freshwater alga Hydrurus foetidus
(Villars) Trevisan, clearly visible to the naked eye and
easily recognizable by its brown mucilaginous thalli
(Kristiansen 2005; Klaveness et al. 2011; Nicholls, Wujek
2015; Klaveness 2017; 2019).

According to Bursa (1934), Canter-Lund & Lund
(1995) and Klaveness (2017), H. foetidus is widely
distributed in the northern hemisphere (Guiry, Guiry
2024), but restricted to cold waters. Its occurrence is
associated with polar areas, periglacial, and alpine rivers
(Rott et al. 20064a; Rott, Schneider 2014; Klaveness 2019),
with a large number of records in glacial rheocrenic
springs (Rott et al. 2000; Cantonati et al. 2012; 2016).
Hydrurus foetidus is widely distributed in climates with
defined seasons, where it can be found in late winter
and early spring, the time of the year when competing
algae have not yet developed (Rott et al. 2006b). The
early appearance of H. foetidus is ecologically important
as a food resource for aquatic insects and as a substrate
for the growth of bacteria, protozoa, and chironomids
(Milner et al. 2001; 2009; Rott et al. 2006b; Zah et al.
2001; Niedrist, Fiireder 2018). As temperature increases,
competing algae and macroinvertebrate predators can
easily dominate over the riverbed, so H. foetidus can be
difficult to spot during the summer season (Rott et al.
2006b). In spring environments, the seasonality of H.
foetidus is less pronounced than in mountain streams
and rivers. According to Cantonati et al. (2016), the
stability of the crenon provides sustainable conditions
for algal communities, resulting in the fact that H.
foetidus never disappears in spring environments,
but continuously colonizes the epilithic substrate
throughout the year.

Hydrurus foetidus is a cold-water stenothermic
species whose optimal growth temperature is
between 2°C and 12°C (Bursa 1934; Kristiansen 2005;
Nicholls, Wujek 2015). It has also been reported as a
psychrophile, found under glacial conditions, but until
recently not at temperatures above 16°C (Bursa 1934;
Kann 1978; Canter-Lund, Lund 1995; Remias et al. 2013;
Klaveness 2019). Although this temperature seems
to be lethal for the species (Bursa 1934; Kann 1978),
a recent study showed that the species can occur in
water temperatures up to 19.9°C (Masic et al. 2020). The
highest temperature at which this species has been
previously found in Serbia was 14°C (Simi¢ 2002; Simic,
Simi¢ 2003; Simi¢ et al. 2003; Krizmani¢ et al. 2008).
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According to Bursa (1934), Kann (1978) and Canter-Lund
& Lund (1995), when the water temperature rises to
16°C in the summer months, the thalli begin to decay,
some cells form cysts, many probably die, and the
thalli disappear. As temperatures drop in autumn,
H. foetidus populations start to recover and can reach
high abundance in a very short time (Uehlinger et al.
1998; Kristiansen 2005). Hydrurus foetidus is a rheophilic
species resisting strong current velocities by forming
mucilaginous colonies on the epilithic substrate
(Traaen, Linstrom 1983; Rott et al. 1999; Simi¢ 2002;
Krizmani¢ et al. 2008). According to Rott et al. (2000)
and Kawecka (2003), the species is not inhibited by
light, but its relative abundance drastically decreases in
the shade.

It has been observed that H. foetidus occurs in a
wide range of morphological forms (Klaveness 2019).
The pronounced phenotypic plasticity, reported by
many authors, may be determined by environmental
parameters and may represent ecotypes, homologous
or cryptic species. However, this question is still
unresolved (Klaveness et al. 2011; Klaveness 2019).

This paper aims to present the diversity in
phenotypic expression of different populations of
the macroscopic benthic alga H. foetidus in Serbian
aquatic ecosystems and the ecological circumstances
under which it occurs, along with notes on associated
macroalgae. Special emphasis was placed on describing
its growth at temperatures well above the presumed
lethal temperature. Furthermore, we aimed to describe
the non-obligate Hydrurus—Paralemanea association.

2. Materials and methods

2.1. Study area

The Republic of Serbia is a country located in
Southeastern Europe (Fig. 1: A), lying between 41°N
and 47°N, and 18°E and 23°E, covering an area of 88
361 km?. Serbia has an extremely complex geological
structure encompassing granite, metamorphic rocks,
limestone, serpentine, andesite, shells, sandstone, etc.
The topographic relief of the country is predominantly
mountainous: the Dinaric Alps in the west and
southwest, the Carpathians in the northeast, the
Balkan Mountains in the southeast, the Rila-Rhodope
Mountains in the southeast corner, with the exception
of alluvial plains and the isolated lowland mountains
of the Pannonian Basin in the north of the country
(Schmid et al. 2008). The majority of Serbia’s territory,
about 65%, is situated between 500 and 1000 m above
sea level, with 10% exceeding 1000 m ASL and 15
mountain peaks rising above 2000 m ASL.
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Figure 1

Geographical location of Hydrurus foetidus and
Phaeodermatium rivulare sites in Serbia. ® new records of
H. foetidus: Trgoviski Timok River (TT), Lisinska River (L), BoZica River
(B), Bozica channel (BC), Djerekarska River (DJ), Trudovacka River (TR),
Gobeljska River (G), Temstica River (T), Kladnica River (K), Jelovicka
River (J), Dojkinacka River (D1, D2); ® new records of H. foetidus
and Ph. rivulare: Veliki Rzav River (VR1, VR2, VR3); ® old records of H.
foetidus: Trgoviski Timok River (TT1, TT2, TT3), Vlasina River (V1, V2,
V3), Ibar River (1), Raska River (R), P¢inja River (P), Crnovrska River (C),
Samokovska River (S), Duboka River (D), Murzica Brook (M), spring
bellow Lake Dreljsko 1 (SP1), spring bellow Lake Dreljsko 2 (SP2), Lake
Ginevodno (GL).

2.2. Sample collection

Field studies were performed from March 2017
to September 2023, covering 421 localities and 200
Serbian watercourses, excluding the Pannonian
Basin. Benthic macroalgae were collected from
various substrates at a depth ranging from 0 to 50 cm
and immediately preserved with 4% formaldehyde
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solution. Coverage (1-100%) was assessed visually
along 100 m of a riverbed following Necchi & Moreira
(1995) and Rodriguez et al. (2007). All collected samples
are deposited in the collection of the Department of
Biology and Ecology, Faculty of Science, University of
Kragujevac, Serbia.
2.3. Microscopic observation and
identification

species

Morphological analysis of the collected algal
samples was carried out under a light microscope
(Motic BA310) with magnification up to 800X,
photographed using a Bresser (9MP) digital camera
and MicroCamLab computer software, and identified
according to John et al. (2011), Eloranta et al. (2011),
Komarek (2013), Wehr et al. (2015), Necchi & Vis (2021),
and Vis & Necchi (2021).

2.4. Ecological conditions of the environment

The type of substrate, current velocity (m s), water
depth at which the species was found (cm), and shade
degree were determined at each sampling location.
Shade degree was assessed by visual analysis using the
following scale: + full shade, ++ partial shade, +++ full
sunlight. In addition, physical and chemical parameters
of water were measured in situ in accordance with
the American Public Health Association (2005). Water
temperature (°C), pH, conductivity (uS cm”), and
water hardness (mg |") were measured using a Hanna
Combo Hi98129 portable multimeter, dissolved oxygen
(0,) (mg I") was measured using a Mettler Toledo
Dissolved Oxygen Electrode, while ammonium-ion
(NH,-N) (mg I"), nitrate-nitrogen (NO,-N) (mg I"), and
orthophosphate (PO,-P) (mg I") concentrations were
measured using an AL400 photometer.

3. Results

Populations of H. foetidus were observed at 15
localities in 12 rivers (Fig. 1) in April (1 locality), May
(4 localities), June (3 localities), July (3 localities), and
August (4 localities) (Table 1). All of them represent
new records for the territory of Serbia. Geographical
coordinates and environmental conditions of
H. foetidus localities are summarized in Table 1.

3.1. Morphological features
Variations in phenotypic expression of different

populations were observed (Fig. 2A-D). Brown
mucilaginous mosslike colonies were found in the
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Figure 2
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Variation in phenotypic expression of different populations of Hydrurus foetidus: A — brown mucilaginous mosslike

colonies; B - brown mucilaginous colonies; C — mucilaginous brown coating (H — Hydrurus foetidus); D — green

mucilaginous colonies (P — Paralemanea catenata; H — Hydrurus foetidus; C — “Chantransia” stage).

Trgoviski Timok River, the Lisinska River, the BoZica
River, the Bozica channel, the Veliki Rzav River (three
localities), the Djerekarska River and the Trudovacka
River (Fig. 1). The thalli were 3 cm to 15 cm long
and were clearly and abundantly branched (Fig. 2:
A). Cells were spherical, subspherical to ellipsoidal,
6-12 um long along the longest axis, arranged
peripherally in the mucilaginous matrix (Fig. 3: A-B).
Tiny reddish-brown mucilaginous colonies were found
in the Gobeljska and Temstica rivers. The thalli were 1
c¢m to 5 cm long, non clearly branched (Fig. 2: B). Small
branchlets covering only a central axis were observed
in microscopic analysis (Fig. 3: C). Cells were spherical,
subspherical to ellipsoidal, 8-12 um long along the
longest axis, arranged peripherally in the mucilaginous
matrix (Fig. 3: C-D). A brown mucilaginous coating
of H. foetidus was found in the source of the Kladnica

River. The thalli grew over small areas on the tufa
surface (Fig. 2: Q). Cells were subspherical to ellipsoidal,
6-10 um long along the longest axis, arranged
peripherally in the mucilaginous matrix (Fig. 3: E-F).
Green mucilaginous colonies were found in the
Jelovicka and Dojkinacka rivers (two localities). The
thalli were 0.5 cm to 2 cm long (Fig. 2: D). Cells were
spherical, subspherical to ellipsoidal, 8-12 um long
along the longest axis, arranged peripherally in the
mucilaginous matrix (Fig. 3: G-H).

3.2. Ecological data

Our results on H. foetidus come from the spring
and summer months (April-September) in lowland,
upland, and mountain Serbian aquatic ecosystems
(altitudes ranging from 241 to 1291 m ASL; Table 1,
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Figure 3
Microscopic view of Hydrurus foetidus thalli: A—B — brown mucilaginous mosslike colonies; C-D — brown mucilaginous

colonies; E-F — mucilaginous brown coating; G-H — green mucilaginous colonies. Scale bars: 50 um for plate A; 10 um
for plates B and D; 100 um for plates C, E and G; 20 um for plates F and H.
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Fig. 1). The species was found in lotic water with a
current velocity ranging from 0.4 m s'to 1.8 m s7, at
depths ranging from 0 cm to 20 cm, attached to stony
substrate, to the tufa surface or to red algae from the
genus Paralemanea, mainly in full sunlight (Table
1). Water temperatures varied between 7.3°C and
18.9°C, conductivity from 80 puS cm™ to 510 pS cm’,
hardness between 40 mg I" and 260 mg I, oxygen
concentration ranged from 9.35 mg I'to 11.8 mg I,
and pH values from 7.08 to 8.01. Concentrations of
inorganic nutrients were mainly low (Table 1), only
concentrations of orthophosphates were slightly
elevated in the BozZica, Temstica and Dojkinacka rivers
(Table 1).

Hydrurus foetidus was observed to co-occur
with other competing benthic macroalgae, mostly
representatives of Rhodophyta, such as Hildenbrandia
rivularis ~ (Liebmann) J.Agardh, Lemanea fluviatilis
(Linnaeus) C.Agardh, L. rigida (Sirodot) De Toni,
Paralemanea catenata (Kutzing) M.LVis & Sheath, and
P. torulosa (Roth) Sheath & A.R.Sherwood. Hydrurus
foetidus also co-occurred with cyanobacteria Nostoc

Figure 4

spp., and green algae Cladophora sp. and Microspora
amoena (Kiitzing) Rabenhorst (Table 1). In the Jelovicka
and Dojkinacka rivers, on damaged parts of P. catenata
and P. torulosa thalli, H. foetidus grew as an epiphyte
(Fig. 2: D). Also, the “Chantransia” stage was present in
places where the thallus of Paralemanea species had
been detached (Fig. 2: D).

At three localities of the Veliki Rzav River, we found
H. foetidus growing together with another freshwater
chrysophycean  alga,  Phaeodermatium  rivulare
Hansgirg. Thalli of Ph. rivulare were found in the form
of silver-brown crusts covered with a mucilaginous
coating (Fig. 4: A). The crusts were 1-2 mm in diameter,
single or aggregated to cover a stony surface.
Microscopically, the thalli consisted of several layers
of cells (spherical, subspherical to ellipsoidal, 7-12 pm
long), respectively densely aggregated in the crustose
part of the thalli and loosely in the mucilaginous
coating (Fig. 4: B-D). Thalli of Phaeodermatium rivulare
covered 20-40% of the stony bottom. This is the first
finding of this rare freshwater chrysophycean alga in
Serbian aquatic ecosystems.

Morphological features of Phaeodermatium rivulare: A - silver-brown crusts of Ph. rivulare growing on a rock; B-D -
microscopic view of the thalli. Scale bars: 50 um for plate B; 20 um for plate C; and 10 um for plate D.
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4, Discussion

In all published studies related to H. foetidus, the
species was described as a cold-water stenotherm, or
even psychrophile species, capable of growing and
reproducing at very low temperatures unfavorable
for most other benthic macroalgae (Rott et al.
2006a; Cantonati et al. 2006; 2016; Remias et al. 2013;
Klaveness 2017). As previously mentioned, an optimal
temperature for its growth is in the range of 2°C to
12°C, with a clear decline at temperatures above 16°C
(Bursa 1934; Kann 1978; Canter-Lund, Lund 1995;
Kristiansen 2005; Nicholls, Wujek 2015). In this study,
we recorded opposite results. With the exception
of the source of the Kladnica River, as well as the
Gobeljska, Temstica and Djerekarska rivers (the coldest
water -7.3°C), all our records come from water with
temperatures above 12°C. Furthermore, we recorded
H. foetidus in the Jelovicka and Dojkinacka rivers at
temperatures above 18°C. According to Kann (1978)
and Canter-Lund & Lund (1995), the possible survival of
Hydrurus in summer is limited to the resting stages or
palmellae, as under these conditions the thalli become
fragmented and disappear. Temperature values in the
Jelovicka and Dojkinacka rivers represent the second
highest temperatures recorded for H. foetidus. The only
site with a higher temperature is a mountain stream
in the Vranica Mountains (Masi¢ et al. 2020), where
H. foetidus was found under similar environmental
conditions as in the Dojkinacka and Jelovi¢ka rivers. In
Serbia, H. foetidus has previously been reported from
watercourses with a range of thermal conditions, from
cold mountainous areas of 4.6°C to warmer areas with
temperatures up to 14°C (Simi¢ 2002; Simi¢, Simi¢ 2003;
Simic¢ et al. 2003; Krizmani¢ et al. 2008).

Some regularities in the pattern of occurrence
related to environmental conditions were noted,
especially with regard to water temperature, current
velocity, and degree of shade. At water temperatures
ranging from 7.3°C to 15.6°C, current velocity ranging
from 1.3 m s™to 1.8 m s7, and full sunlight, H. foetidus
grew in the form of brown mucilaginous mosslike
colonies, distinctly and extensively branched (Trgoviski
Timok, Lisinska, Bozica, Veliki Rzav, Djerekarska
and Trudovacka rivers, and the Bozica channel), as
described by Klavenes et al. (2011). In the Gobeljska
and Temstica rivers, the thalli of H. foetidus were
not conspicuously branched, with a reddish-brown
coloration. After microscopic analysis, we found that
only a central axis was covered by small branchlets,
just as reported by Bursa (1934). Given the species’
preference for full sunlight conditions (Rott et al. 2000;
Kawecka 2003), a possible reason for this occurrence
could be the growth in partial shade at these localities.

3 www.oandhs.ug.edu.pl

Oceanological and Hydrobiological Studies, VOL. 53, NO. 4 [DECEMBER 2024

A mucilaginous brown coating of H. foetidus on the
tufa surface described from the source of the Kladnica
River is not unusual, as it was found under intermittent
wetting conditions. Our results are consistent with
Klaveness's (1992) findings of such a morphological
form in water films with slow seeping.

In the Dojkinacka and Jelovicka rivers, H. foetidus
formed green mucilaginous colonies. These rivers
are at higher altitudes, but both were characterized
by warmer temperatures during the sampling
period (over 18°C). In August 2019, the maximum air
temperature in this region was 31.2°C, the minimum
air temperature was 13.4°C, while the average monthly
air temperature was 21.6°C. Precipitation was low,
and water levels in the rivers were lower than usual
at this time of year (Republic Hydrometeorological
Institute of Serbia 2020). In the Dojkinacka River,
H. foetidus was found growing attached to the red
alga Paralemanea catenata, while in the Jelovicka
River it was found growing attached to P. torulosa.
It has been previously documented that H. foetidus
co-occurs with cyanobacteria, red, yellow-green, and
filamentous green macroalgae (Petkovi¢ 1980; Simic
2002; Kashta, Miho 2016; Stankovié, Lietner 2016;
Koleti¢ et al. 2017), but never overgrows them. We
describe for the first time the non-obligate Hydrurus-
Paralemanea association. At the time of sampling,
the thalli of P. catenata and P. torulosa were mainly
damaged, probably due to grazing by herbivorous
aquatic insects, which enabled H. foetidus to attach
and develop on damaged parts. In this way, H. foetidus
protects itself from insolation during the summer
season by seeking shelter among the Paralemanea
thalli. This may be the species’ survival strategy during
the summer season or a way to adapt to the effects
of climate change. No development of H. foetidus on
the Nostoc sp. thalli collected from these rivers was
observed.

Our findings also represent the first record of the
extremely rare chrysophycean alga Phaeodermatium
rivulare in Serbian aquatic ecosystems. The species
was found growing together with H. foetidus in the
Veliki Rzav River. Data on the biology, ecology and
distribution of Ph. rivulare are very scarce, as only
a few collections have been made in Europe and
North America (Nicholls, Wujek 2015; Kamberovic¢
et al. 2019; Guiry & Guiry 2024). However, all of the
authors conclude that the species has the same
habitat preferences as H. foetidus, as well as similar
morphology (Gesierich, Rott 2004; Nicholls, Wujek
2015). As these two species have often been reported
from the same localities, it has long been suspected
that Ph. rivulare is a stage in the life cycle of H. foetidus
(Bourrelly 1981; Jordan, lwataki 2012; Nicholls, Wujek
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2015). A study conducted by Kamberovi¢ et al. (2019)
on 20 springs of Mount Konjuh revealed the presence
of Ph. rivulare in three springs, but no H. foetidus
was found. In our research, we recorded these two
chrysophycean species growing together in May,
but neither species was recorded in the subsequent
sampling periods (August and September).

Some authors have argued that H. foetidus may
be overlooked by scientists due to difficulties in
distinguishing it or if scientists do not know where and
when to look for it (Rott et al. 2006a,b; Klaveness 2017).
We concur with this statement. Our results substantiate
that H. foetidus can thrive in environmental conditions
that are unpredictable for the species, especially
with regard to temperature. The occurrence of the
species in the Jelovicka and Dojkinacka rivers was
undoubtedly unexpected, since almost the entire
riverbed was covered with competing P. torulosa and
mosses (Jelovicka River), or P. catenata and Nostoc sp.
(Dojkinacka River). In addition, the temperature values
were higher than those determined as lethal for the
species.

In conclusion, we emphasize the importance of
further, more intensive and thorough surveys and
the necessity of implementing genetic methods. This
will aim to resolve questions about the identity and
ecology of H. foetidus and Ph. rivulare.
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