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Abstract Karst freshwater ecosystems are consid-
ered biodiversity hotspots, highlighting their sen-
sitivity and vulnerability to environmental change.
However, our understanding of the distribution and
ecology of macroinvertebrates in lotic karst habitats is
still incomplete. Therefore, to fill the knowledge gaps,
the current study was conducted in the Dinaric and
Carpathian—-Balkan Mountains in Serbia, Southeast-
ern Europe. We studied aquatic macroinvertebrates
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and their relationship with environmental parameters
at 25 sampling sites in three habitat types (springs,
the upper reaches, and tufa barriers) in 12 rivers
and streams in Serbia, seasonally, between 2019 and
2022. We recorded 85,072 individuals within 206
taxa. Most environmental variables were comparable
among the three habitat types, which most probably
resulted in comparable abundance and diversity of
benthic macroinvertebrates. However, taxa richness
was lower in springs compared to upper reaches and
tufa barriers. Environmental parameters had a greater
impact than spatial effects on shaping the macroin-
vertebrate community. Moreover, IndVal analysis
revealed a list of 30 indicator taxa associated with
specific habitat types. We emphasized that highly
specialized species support vulnerable functions in
high-diversity karst freshwater ecosystems. There-
fore, this study establishes a scientific foundation for
implementing effective management strategies for
these unique aquatic ecosystems.

Keywords Serbia - Springs - Tufa barriers -
Macroinvertebrate diversity - Sensitive taxa
Introduction

Karst terrain is known for its unique hydrology and
landforms, which result from the combination of

highly soluble rock, mainly limestone or dolomite,
and well-developed secondary (fracture) porosity
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(Ford & Williams, 2007). Covering approximately
12% of the Earth’s dry ice-free surface, karst regions
and their aquifers are an indispensable resource for
agriculture, industry, and the public drinking water
supply in many areas (Hartmann et al., 2014; DraZina
et al., 2017). Tufa barriers with various morpho-
logical forms are unique hydrogeological structures
associated with karst freshwaters and usually form
barrage lakes on longitudinal profiles of karstic riv-
ers (Rodriguez et al., 2020). Tufa is a hollow, porous
rock created from the deposition of dissolved calcium
carbonate in cold freshwater that commonly con-
tains biological remains of different organisms (Ford
& Pedley, 1996). The formation process of the tufa
barriers is caused by very complex, clearly defined
geomorphological, physical, chemical, and biologi-
cal parameters which together indicate “healthy” and
preserved natural environments (Chen et al., 2004;
Golubi¢ et al., 2008; gpoljar et al., 2011; Batocdanin
et al.,, 2023). Among biological components, bryo-
phytes (i.e., aquatic moss) are the most abundant
vegetation in lotic karst ecosystems and the major
component of intense tufa formation, creating porous
deposits and diverse microhabitats for micro- and
macrofauna (MiliSa et al., 2006; Semnicki et al.,
2012). In addition to aquatic mosses, the other impor-
tant organisms involved in the formation of tufa are
cyanobacteria and eukaryotic algae, as well as aquatic
macroinvertebrates (Carthew et al., 2003; Matonickin
Kepcija et al., 2006; Arp et al., 2010).

Karst habitats have long been recognized as bio-
diversity hotspots with many endemic, rare, and
threatened species (Clements et al., 2006; Serti¢ Perié
et al., 2011; Vilenica et al., 2018a, b). However, due
to their high biodiversity and exposure to various
anthropogenic pressures, karst freshwater habitats
are extremely fragile and vulnerable (Kazakis et al.,
2018; Ridl et al., 2018). Droughts predicted for the
future are expected to greatly influence the hydrol-
ogy of karst regions, hence various models have been
developed to study the influence of climate change on
these freshwater habitats (Hao et al., 2006; Guo et al.,
2020; Nerantzaki & Nikolaidis, 2020). For these rea-
sons, karst ecosystems have been consistently recog-
nized as globally significant, earning their place in
national conservation management plans in various
regions worldwide (Clements et al., 2006).

The number of studies on the diversity, distribu-
tion, and ecology of macroinvertebrates in Southern
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European karst lotic ecosystems has increased in
recent decades, particularly in the Dinaric Western
Balkan ecoregion in Croatia and Bosnia and Herzego-
vina (Hrovat et al., 2009; Savi¢ et al., 2017; Pozojevi¢
et al., 2021). However, there is limited data available
for other regions of Southern Europe, with Serbia
standing out in this context. Karst freshwater habi-
tats can be found in the Carpathian—Balkan Moun-
tains in the east and the Dinaric area in the west of
Serbia, generally at altitudes exceeding 500 m.a.s.l.
(Batocanin et al., 2023). The bibliography of tufa
accumulations in Serbia is insufficient, and infor-
mation about the biota in these areas is completely
missing. In recent years, attention has been given to
individual smaller deposits in the context of environ-
mental protection and geological heritage (Miljkovié
et al., 2020; Batocanin et al., 2023).

This study aims to fill knowledge gaps about the
distribution and ecology of macroinvertebrates in the
Dinaric and Carpathian—Balkan Mountains in Serbia,
Southeastern Europe. We assume that aquatic mac-
roinvertebrates show varying diversity patterns in lon-
gitudinal distribution across different types of karst
freshwater habitats (Vannote et al., 1980; Vilenica
et al., 2017). Additionally, we expect to discover rare,
specialized, and new taxa highlighting the vulner-
ability of freshwater karst ecosystems and supporting
their status as biodiversity hotspots. To achieve our
objectives, we (a) identified the qualitative and quan-
titative specificities in the macroinvertebrate commu-
nity composition across 25 sampling sites and three
habitat types (springs, upper reaches, and tufa barri-
ers) comprising 12 karst rivers and streams in Serbia;
(b) explored the influence of different environmental
variables on the macroinvertebrate communities to
recognize the most influential ones shaping the com-
position and diversity, and (c) assessed the influence
of seasonal and spatial variation on macroinverte-
brate communities within the investigated karst lotic
habitats.

Materials and methods
Study area
The main data source for this study consisted of

hydrobiological surveys conducted in 12 Serbian
karst rivers and streams, distributed across two
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ecoregions (according to Paunovi¢ et al., 2012):
the Dinaric Western Balkans (Ecoregion 5—the
Sopotnica, Panjica, Gostiljska, Raska Rivers, and
the Banjski Stream) and the Eastern Balkan/Car-
pathian—Balkan Mountains (Ecoregion 7—the Grza,
Lisine, Mirovstica, Miliva, Malo Vrelo, Gradasnicka
Rivers, and the Bigar Stream) (Fig. 1). These riv-
ers were selected due to their diverse habitat types
typical of karst systems, including springs, streams,
lakes, and notably underwater tufa barriers, water-
falls, and cascades (Miljkovi¢ et al. 2020; Bato¢anin
et al. 2023). The study encompassed 25 sites within

3 habitat types: springs (7 sites), the upper reaches
of rivers and streams (6 sites), and tufa barriers (12
sites) (Fig. 2). A detailed description of the sites,
including geographical coordinates, altitudes, types
of substrates, and riparian vegetation, is provided in
Table 1.

Sample collection and processing
Macrozoobenthos samples were collected once

during four seasons (spring, summer, autumn, and
winter) between 2019 and 2022 at each of the 25

[l Dinaric Western Balkan (Ecoregion 5)

[] Eastern Balkan (Ecoregion 7)

SOP — Sopotnica River
GOS - Gostiljska River
PANj — Panjica River
RAS - Raska River
BANj — Banjski Stream
MIL — Milivska River
LIS — Lisine River
MVR — Malo Vrelo
GRZ - Grza River

LIS — Lisine River

MIR — Mirovstica River
GRA - Gradas$nicka River

BIG — Bigar Stream

0 50 100 km

Fig. 1 Distribution of karst areas in Serbia with the sampling sites (white dots)
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Fig. 2 Examples of studied habitat types. Springs: a Grza River, b Bigar Stream, ¢ Lisine River, upper reaches: d Malo Vrelo River,
e Panjica River, f Mirovstica River, tufa barriers: g Miliva River, h Grza River, i Sopotnica River, j Bigar Stream (photo Simovié, P.)

sampling sites. At each sampling site, six subsam-
ples of macrozoobenthos were collected from the
most dominant substrate types with a 0.0625-m?
Surber sampler of 250-mm mesh, according to EN
ISO 27828:1994 and EN ISO 10870:2012. The
organisms attached to stone surfaces or other sub-
strates were collected manually by tweezers and, if
necessary, scraped with a fine brush. The six sub-
samples were merged into a single composite sam-
ple. Hence, the total number of macrozoobenthos
samples in our study was 99, comprising 28 from
springs, 24 from upper reaches, and 47 from tufa
barriers. The samples were immediately preserved
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with 96% ethanol solution, transported, and stored
at the Institute of Biology and Ecology, Faculty
of Science, University of Kragujevac, Republic of
Serbia. Collected materials were analyzed under a
stereomicroscope (NIKON SMZ800, Nikon Cor-
poration, Tokyo, Japan) and a microscope (Nikon
Eclipse E100, Nikon Corporation, Tokyo, Japan).
The material was identified to the lowest possible
taxonomic level using available identification lit-
erature and the authors’ comparative collections
(Conci & Nielsen, 1956; Aubert, 1959; Olmi,
1976; Rozkosny, 1980; Nilson, 1997; Zwick, 2004;
Eiseler, 2005; Timm, 2009; Waringer & Graf,
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Table 1 Characteristics of the studied sites in the karst rivers and streams in Serbia

Site code Site name

Habitat type

Latitude (N)

Longitude (E)

Altitude (m
a.s.l.)

Substrate com-
position

Riparian vegeta-
tion

Panjl
Panj2
Pan;j3

Sop3

Gos3

Ras1

Ras3

Banj3

Grzl

Grz2

Grz3

Lisl

Lis2

Lis3

Mirl

Mir2
Mir3

Bigl

Big2

Big3

Mill

Panjica River
Panjica River
Panjica River

Sopotnica River

Gostiljska River

Raska River

Raska River

Banjski Stream

Grza River

Grza River

Grza River

Lisine River

Lisine River
Lisine River

Mirovstica River

Mirovstica River
Mirovstica River

Bigar Stream

Bigar Stream

Bigar Stream

Miliva River

Spring
Upper reaches
Tufa barrier

Tufa barrier

Tufa barrier

Spring

Tufa barrier

Tufa barrier

Spring

Upper reaches

Tufa barrier

Spring

Upper reaches

Tufa barrier

Spring

Upper reaches
Tufa barrier

Spring

Upper reaches

Tufa barrier

Spring

43°39'02.0"

43°39'03.8"

43°39'19.4"

43°18' 04.7"

43°39'28.0"

43° 06’ 57.4"

43°07"15.9"

43°53"22.9"

43°53'55.4"

43° 53" 48.4"

43°53"25.3"

44°06' 16.1"

44° 06" 06.9"
44° 06’ 02.5"

43° 47" 45.2"

43° 47" 48.9"

43°48"47.2"

43°20"42.7"

43° 20" 49.6"

43°21'02.4"

44°08' 13.4"

20° 02" 04.2"

20° 02" 04.5"

20°02'11.9”

19° 44" 26.8"

19° 50" 21.2"

20°22'13.7"

20°23'29.1"

20°11'17.4"

21°38'59.2"

21°38'42.8"

21°38'21.6"

21°38'27.6"

21°38'24.1"
21°38'21.4"

21° 54" 12.5"

21°54'07.7"

21°53"15.3"

22°26'21.7"

22°26'25.5"

22°26'25.7"

21°26'08.5"

612

610

591

1,026

731

739

648

328

432

401

382

430

402
385

386

379

320

537

522

497

713

Stones, gravel,
mosses

Stones, gravel,
sand

Tufa, mosses on
tufa, sand

Mosses on tufa,
tufa with
detritus

Mosses on tufa,
algae, detritus

Stones, gravel,
moss, macro-
phytes

Stones, tufa,
algae

Mosses on tufa,
tufa with
detritus

Stones, gravel,
macrophytes,
moss

Stones, tufa,
macrophytes

Tufa, mosses on
tufa, tufa with
detritus

Stones, gravel,
moss

Stones, tufa

Mosses on tufa,
macrophytes,
detritus

Stones, gravel,
moss, macro-
phytes

Stones, mosses,
gravel

Mosses on tufa,
sand, detritus

Stones, gravel,
moss, macro-
phytes

Stones, gravel,
moss, macro-
phytes

Mosses on tufa,
tufa with
detritus

Stones, mud

Forest

Meadow, bushes

Thinned forest

Thinned forest

Thinned forest

Bushes

Forest

Thinned forest

Thinned forest

Thinned forest

Meadow, bushes
Meadow, bushes

Thinned forest

Forest

Meadow, bushes

Forest

Forest

Forest

Meadow
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Table 1 (continued)

Site code Site name Habitat type

Latitude (N) Longitude (E) Altitude (m

Substrate com-  Riparian vegeta-

Mil3 Miliva River Tufa barrier

Mvr2 Malo Vrelo
River

Mvr3 Malo Vrelo
River

Tufa barrier

Gra3 Gradasnicka
River

Tufa barrier

44°08'04.2" 21°25'51.1" 683

Upper reaches  44° 06’ 17.3” 21°36'55.8" 324

44°06'07.0" 21°37'21.0" 331

43°37'31.4" 21°51'13.2" 477

a.s.l.) position tion
Tufa with detri-  Thinned forest
tus, tufa with
moss

Stones, gravel, Forest
mosses

Mosses on tufa, Forest
tufa with
detritus

Tufa, stones Thinned forest

2011; van Haaren & Soors, 2013). Early instar
insect larvae and some taxonomically demanding
groups such as Hirudinea and some Diptera (e.g.,
family Chironomidae, genus Simulium), could not
be identified at the species level. Abundances are
expressed as the number of individuals/m?.

Concurrently with collecting benthic macroin-
vertebrate samples in the field, the environmental
variables were measured using standard methods
(EN 10870, 2012). The water temperature (WT),
hydrogen ion concentration (pH), conductiv-
ity (EC), and water hardness (H) were measured
in situ using combined digital HANNA instruments
(Hanna Instruments Ltd., Leighton Buzzard, UK),
and the concentrations of dissolved oxygen (DO)
and saturation (Og,p) were measured with an oxi-
meter [Mettler Toledo SevenGo (Duo) Schwer-
zenbach, Switzerland]. For complete laboratory
analysis, 1 1 of water was collected at each site dur-
ing each sampling period, packed in polyethylene
bottles, and transported to the laboratory on the
same day. In the laboratory, the ammonium-nitro-
gen (NH,-N), ammonia-nitrogen (NH;-N), nitrate-
nitrogen (NO;-N), total nitrogen (N), orthophos-
phate (PO,4-P), phosphorus pentoxide (P,0s), and
total phosphorus (P) concentrations were deter-
mined using a photometer (Aqualytic AL400, Nhat
Anh Company, Vietnam) with appropriate reagents
following APHA (2012) procedures. Substrate
composition (stones, gravel, sand, clay, anoxic
mud, detritus, and tufa), vegetation cover (algae
and macrophytes), and canopy coverage were
determined by visual estimation.

@ Springer

Data analysis

To estimate differences in the community composi-
tion and diversity of macroinvertebrates among the
three habitat types (i.e. springs, upper reaches, tufa
barriers), the taxonomic community metrics (the
number of individuals, taxa richness, and Shannon,
1948 and Simpson, 1949 diversity indices) were
calculated for each sampling site and the date and
results were expressed as means and standard devia-
tions for each site (i.e., combining dates). Accord-
ingly, the Kruskal-Wallis H test was used to deter-
mine significant differences in the total habitat score,
environmental variables, and diversity indices among
the three groups (i.e., habitat types; springs, upper
reaches, and tufa barriers). In addition, for post hoc
pairwise comparisons, the Mann—Whitney U test was
used. Performing a pairwise permutational multivari-
ate analysis of variance (pairwise PERMANOVA)
allowed us to test significant differences between
macroinvertebrate communities of springs, upper
reaches, and tufa barriers (Van Den Wollenberg,
1977). The correlation between environmental vari-
ables and taxonomic community metrics was tested
using Spearman’s rank correlation.

Furthermore, the macroinvertebrate metacommu-
nity targets were analyzed. Understanding variation
in biodiversity typically requires the consideration of
different factors operating at different spatial scales
(Medeiros et al., 2020). The multiscale distance
relationships among different habitats within each
karst river and stream were modeled and described
via spatial variables using distance-based Moran’s
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eigenvector maps (dlbMEMs; Borcard and Legendre,
2002; Borcard et al., 2004; Dray et al., 2006). Moran’s
eigenvector maps (d(bMEMs) and derived approaches
have proven very helpful in studying the spatial and
temporal distributions of aquatic macroinvertebrate
communities (Brind’Amour et al., 2018). Moran’s
eigenvector map variables describe the spatial vari-
ability along a spatial scale. High dbMEM values
indicate broad-scale patterns of relationships between
sample sites, while low dbMEM values represent
fine-scale relationships (Gronroos et al., 2013). The
dbMEMs are calculated using geographical coordi-
nates, and as outputs, the orthogonal spatial variables
are obtained. Only dbMEMs with positive autocor-
relation were analyzed further for variance partition-
ing. Since spatial factors have a strong impact on
macroinvertebrate communities, spatial metacom-
munity patterns may become blurred because some
sites are too far from each other. To avoid this, we
separately performed this analysis for each subset of
investigated rivers and streams (group 1—Ecoregion
5, 5 watercourses and 8 sites; group 2—Ecoregion
7, 7 watercourses and 17 sites). The relative impor-
tance of spatial and local environmental variables for
the composition of macroinvertebrate community was
subsequently tested by variance partitioning analy-
sis (VPA) for each karst river and stream (Oksanen
et al., 2007). Before VPA, macroinvertebrate abun-
dance data were Hellinger transformed (Legendre &
Gallagher, 2001). To select environmental variables
that were included in the VPA the forward selec-
tion with two criteria, exceeding the critical P-value
(P=0.05) and exceeding the adjusted R> value of
the global model (Blanchet et al., 2008) was applied,
using the function ‘R2adj’ in the R package (Dray
et al., 2009). The statistical design was set to [Spatial
(S)+Environmental (E) parameters], pure (EIS and
SIE) and shared (S and E) effects of explanatory vari-
able groups on the response variables (i.e., the mac-
roinvertebrate community). The significance of total
and pure effects was calculated using the function
‘ANOVA’ (Oksanen et al., 2007). As a result, Venn
diagrams were generated.

Finally, the Indicator value (IndVal) analysis
(Dufréne & Legendre, 1997) was used to identify
potential bioindicators of benthic macroinvertebrates
at each habitat type (springs, upper reaches, and tufa
barriers). IndVal analysis has been advocated as a
useful ecological method for assessing associations

between species and the habitats on which they rely.
In addition, indicator values can be estimated for any
given level of clustering, which constitutes a useful
property of the approach. This analysis is based on
the specificity and fidelity measured for each taxon in
an assemblage, with indicator values ranging from 0
to 100% and reaching a maximum when all individu-
als of a taxon are recorded in only one habitat type
(high specificity) and when the taxon is present in all
samples of that habitat type (high fidelity) (Dufréne
& Legendre, 1997; Podani & Csanyi, 2010). These
two terms are multiplied and then scaled to express
the indicator value of a species relative to the clus-
ter as a percentage. Only macroinvertebrate taxa
exhibiting a significant (P <0.05) maximal indicator
value for a given habitat, were identified as indicators
in each habitat, whereas indicator taxa with IndVals
above the threshold of 25% were retained as the most
significant. The significance of the indicator value for
each species was tested using a Monte Carlo randomi-
zation test with 1,000 permutations. All the statistical
analyses were performed using the statistical software
“R” Core Team version 4.2.2 (Oksanen et al., 2007).

Results
Environmental variables

Water temperature varied from 4.9° C (Ras1) to 13.9°
C (Gra3) (Table S1). Dissolved oxygen ranged from
8.86 to 12.62 mg/l, and oxygen saturation ranged
from 84 to 131.7% (Table S1). Conductivity and
hardness were uniform across sites (Table S1). Inor-
ganic nutrient concentrations were low across sites
(Table S1). Among all investigated environmental
variables, only pH and altitude significantly dif-
fered between the three habitat types (Kruskal-Wal-
lis H test, P<0.05; Table 2). pH was circumneutral
to slight basic across habitat types, being lower at
springs and higher at tufa barriers (Table 2). Other
environmental variables were comparable among the
three habitat types (Table 2).

Macroinvertebrate community composition
During this study, we recorded 85,072 individu-

als and 206 taxa, of which 126 were identified at
the species level, 66 at the genus level, and 13 at

@ Springer
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the family level (Table S2). They all belonged to
18 benthic systematic groups (Table S2). Overall,
Trichoptera was the most diverse order (60 taxa),
followed by Diptera (34 taxa), Ephemeroptera (24
taxa), and Plecoptera (22 taxa) (Table S2).

The highest taxonomic richness in all three habi-
tat types was recorded among Trichoptera, followed
by Diptera (Table 3). Additionally, Ephemeroptera
exhibited higher taxonomic diversity on the tufa
barriers and in the upper reaches, both with 18 taxa,
while Plecoptera, with 14 taxa, were more abundant
in the springs than Ephemeroptera (Table 3). The
dominant systematic group with the highest abun-
dance in all habitats was Amphipoda (Gammarus
balcanicus Schiferna, 1923 exclusively) (Table 3).
Gastropods, primarily the species Bythinella istoka
Gloer & Pesi¢, 2014, and B. dispersa Radoman,
1976, appeared in large numbers at some sampling
sites of the tufa barriers (Spo3, Panj3) (Table S2;
Table 3). Both qualitatively and quantitatively, the
groups Nematoda, Decapoda, Neuroptera, Isopoda,
Odonata, and Bivalvia were the least represented
(Table 3).

Macroinvertebrate community patterns

Taxa richness was the only taxonomic community
metric that significantly differed among the three hab-
itat types (Kruskal-Wallis H test, P <0.05, Table 4).
Taxa richness was significantly lower in springs than
in upper reaches (Mann—Whitney U test, U=159.5,
Z=-3.23, P<0.05) and tufa barriers (Mann—Whit-
ney U test, U=391.5, Z= —2.91, P<0.05). However,
no significant difference was detected between the
upper reaches and tufa barriers (Mann—Whitney U
test, U=519.5; Z=0.53, P>0.05). Also, there were
significant differences in macroinvertebrate commu-
nities among the three habitat types (PERMANOVA,
F=5.43, P<0.05). No significant differences were
found in the macroinvertebrate communities between
seasons for each habitat type (PERMANOVA,
F=1.15, P>0.05). Analysis of correlation coeffi-
cients showed that Simpson’s diversity index nega-
tively correlated with pH values (Spearman’s rank
correlation, R=—0.29, P<0.05), while the num-
ber of individuals positively correlated with altitude
(R=-0.30, P<0.05, Table S3).

Table 3 Taxa richness and number of individuals/m? in each systematic group in the three habitats studied

Systematic groups Taxa richness

Number of individuals/m?

Springs Upper reaches Tufa barriers Springs Upper reaches Tufa barriers
Turbellaria 4 3 3 315 429 1,016
Gastropoda 4 3 6 4,464 264 8,075
Bivalvia 1 1 1 24 11 61
Nematoda 0 0 1 0 0 3
Oligochaeta 10 10 15 163 259 1,006
Hirudinea 1 2 3 5 13 91
Amphipoda 1 1 7,275 10,397 22,464
Decapoda 0 0 1 0 0 5
Isopoda 1 1 1 16 3 0
Ephemeroptera 11 18 18 1,107 1,995 2,510
Odonata 2 2 5 6 9 55
Plecoptera 14 17 15 1,557 501 744
Heteroptera 3 0 2 37 0 24
Megaloptera 1 8 5 93
Neuroptera 1 0 0 3 0 0
Trichoptera 39 38 47 2,930 2,265 3,660
Coleoptera 12 11 13 4,040 925 1,408
Diptera 20 21 27 613 851 3,367
In total 124 129 160 22,563 17,927 44,582
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Table 4 Macroinvertebrate taxonomic community metrics
[number of individuals (N), taxa richness (S), Shannon diver-
sity index (H'), and Simpson’s diversity index (D)] at three

habitat types in Serbian karst lotic habitats, presented as the
mean value, standard deviation, minimum, and maximum with
the results of Kruskal-Wallis (KW) H tests

Metrics KW P Springs Upper reaches Tufa barriers

Mean +SD Min Max Mean +SD Min Max Mean +SD Min Max
N 0.11 0.95 302.14+199.78 67.00 951.00 280.12+146.86 103.00 651.00 355.72+282.20 42.00 1,289.00
N 12.30 0.00* 17.18+4.68 10.00 31.00 23.12+7.86 14.00 42.00 21.34+6.17 11.00 35.00
H' 3.48 0.18 1.75+0.44 0.84 2.66 1.51+£0.56 0.44 2.60 1.81+0.74 0.50 3.19
D 5.17 0.08 0.73+0.12 0.45 0.91 0.59+0.20 0.15 0.90 0.65+0.23 0.19 0.95

Significant results (P <0.05) are in bold

Statistically significant differences (Mann—Whit-
ney U test, P<0.05) between Ecoregions 5 and 7
were observed for taxa richness, Shannon, and Simp-
son diversity indices (Table 5), with all taxonomic
metrics being higher for Ecoregion 5 (Table 5). The
environmental variables that showed significant
statistical differences between Ecoregions 5 and 7
were elevation, dissolved oxygen, oxygen satura-
tion, conductivity, and hardness (Mann—Whitney U
test, P<0.05, Table S4). For Ecoregion 5, analysis
of correlation coefficients showed that taxa richness
positively correlated with pH (Spearman’s rank cor-
relation, R=0.54, P<0.05) and oxygen saturation
(R=0.49, P<0.05, Table S5). In Ecoregion 7, sig-
nificant negative correlations were observed between
pH and taxa richness (R= —0.29, P<0.05), as well
as the Shannon (R= —0.30, P<0.05) and Simpson
(R=-0.38, P<0.05) diversity indices (Table S5).
As shown by the VPA results, both environmental
and spatial factors played important roles in structur-
ing macroinvertebrate communities in Ecoregions 5
and 7 (Fig. 3). Twenty-four percent of the variation

Table 5 Macroinvertebrate taxonomic community metrics
[number of individuals (N), taxa richness (S), Shannon diver-
sity index (H'), and Simpson’s diversity index (D)] at Ecore-
gion 5 (Dinaric Western Balkans) and Ecoregion 7 (Eastern

in the overall metacommunity was accounted for by
the two variable groups. According to the results, the
pure effect of environmental factors (approximately
16% in two variable groups) was slightly more influ-
ential than spatial effects (6% in Ecoregion 5 and 8%
in Ecoregion 7). The residuals (74% in Ecoregion 5
and 76% in Ecoregion 7) are the variations left unex-
plained by the canonical model for both ecoregions
(Fig. 3).

IndVal analysis revealed a list of 30 taxa (17 with
IndVal > 0.25) that are associated with specific hab-
itat types (Table 6). We found ten potential indica-
tor taxa for the spring sites, four of which (Elmis
Sp., Thremma anomalum McLachlan 1876, Ancy-
lus fluviatilis O. F. Miller, 1774, Elmis maugetii
Latreille, 1802) had significant IndVals (>0.25,
Table 6). Mayflies [Baetis rhodani (Pictet, 1843)
and Rhithrogena semicolorata (Curtis, 1834)] were
found to be characteristic of upper reaches sites. The
habitats of the tufa barriers were distinguished by a
particularly high number (15) of potential indicator
taxa, of which 11 had significant IndVals (family

Balkan) in Serbian karst rivers and streams, presented as the
mean value, standard deviation, minimum, and maximum with
the results of Mann—Whitney (Z) tests

Metrics VA P Ecoregion 5 Ecoregion 7

Mean +SD Min Max Mean+SD Min Max
N 0.13 0.89 981.06 +823.41 179.00 3,437.00 803.78 +503.53 112.00 2,536.00
S 3.27 0.00* 24.23 +8.18 10.00 42.00 18.94+4.99 11.00 33.00
H' 2.21 0.03* 1.97 + 0.65 0.84 3.19 1.61+0.59 0.44 2.78
D 2.29 0.02* 0.73+0.17 0.29 0.95 0.62+0.21 0.15 0.93

Significant results (P <0.05) are in bold
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0.018

Residuals = 0.744

0.018

Residuals = 0.767

a)

Fig.3 Venn diagram illustrating the variation partitioning
analysis. The contributions of physical and chemical properties
(X)) and spatial distance (X,) to the community composition of
macroinvertebrates in karst rivers and streams in Ecoregions

b)

5 (a) and 7 (b). The fraction between two overlapping circles
represents the variation explained between the components,
while the residuals are the variation left unexplained by the
canonical model

Table 6 Indicator taxa detected via IndVal analysis for the different habitat clusters

Taxa Cluster IndVal P Taxa Cluster IndVal P

Elmis sp. 1 0.4813 0.0005 Chironomidae 3 0.6155 0.0001
Thremma anomalum 1 0.4753 0.0001 Tinodes unicolor 3 0.6151 0.0001
Ancylus fluviatilis 1 0.3587 0.0001 Ephemera danica 3 0.5963 0.0001
Elmis maugetii 1 0.2410 0.0124 Riolus subviolaceus 3 0.4730 0.0003
Protonemura praecox 1 0.2253 0.0333 Eiseniella tetraedra 3 0.4165 0.0002
Drusus sp. 1 0.2118 0.0152 Lumbricidae 3 0.3720 0.0023
Limnephilidae 1 0.1641 0.0428 Dugesia gonocephala 3 0.3583 0.0145
Taeniopteryx hubaulti 1 0.1347 0.0109 Simulium sp. 3 0.2961 0.0147
Protonemura meyeri 1 0.1336 0.0419 Haplotaxis gordioides 3 0.2927 0.0009
Arcynopterix dichroa 1 0.1336 0.0419 Sialis lutaria 3 0.2861 0.0016
Baetis rhodani 2 0.4098 0.0116 Rhyacophila tristis 3 0.2643 0.0368
Rhithrogena semicolorata 2 0.2629 0.0002 Oxycera sp. 3 0.2153 0.0228
Potamophylax sp. 2 0.2250 0.0066 Paraleptophlebia werneri 3 0.1860 0.0061
Ephemerella mucronata 2 0.1727 0.0052 Pomatinus substriatus 3 0.1860 0.0052
Limnephilus flavicornis 2 0.1016 0.0461 Dixa puberula 3 0.1163 0.0427

Cluster: 1—spring; 2—upper reaches; 3—tufa barriers

Chironomidae, Tinodes unicolor (Pictet, 1834),
Ephemera danica Miiller, 1764, Riolus subviola-
ceus (Miiller, 1817), Eiseniella tetraedra (Savigny,
1826), family Lumbricidae, Dugesia gonocephala
(Duges, 1830), Simulium sp., Haplotaxis gordioides
(Hartmann, 1819), Sialis lutaria (Linnaeus, 1758)
and Rhyacophila tristis Pictet, 1834) (Table 6).

During this research, we recorded new data on the
distribution of several rare and endangered species
of macroinvertebrates, such as Helicopsyche baces-
cui Orghidan & Botosaneanu 1953, Thremma anom-
alum McLachlan 1876, Drusus discolor (Rambur,
1842), Beraeodes minutes (Linnaeus, 1761), Protone-
mura praecox (Morton, 1894), Taeniopteryx hubaulti
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Aubert, 1946., Cordulegaster heros Theischinger,
1979, Austropotamobius torrentium (Schrank, 1803),
Grossuana euxina serbica Radoman, 1973 and oth-
ers (Table S2, species marked in bold). These species
are protected by national regulations and are on the
list of strictly protected and protected species accord-
ing to the Rulebook on the Declaration and Protec-
tion of Strictly Protected and Protected Wild Species
of Plants, Animals, and Fungi (Official Gazette of
RS No. 5/2010, 47/2011, 32/2016, and 98/2016). In
addition, we recorded three species for the first time
in Serbia: Dixa puberula Low, 1849, Dixa maculata
Meigen, 1818, and Chaetopterygopsis maclachlani
Stein, 1874.

Discussion

Most of the measured environmental variables were
comparable among habitats. High water quality,
reflected in the high concentration of dissolved oxy-
gen and oxygen saturation, was recorded at all sites.
These values correspond to those obtained in recent
research from karst rivers in Croatia (Ridl et al.,
2018), Slovenia (Hrovat et al., 2009), and Austria
(Bednar et al., 2017). A pH gradient was observed
from the springs to the upper reaches and finally to
the tufa barriers, as expected (Vilenica et al., 2017),
primarily due to the reduction in carbon dioxide dis-
solved in the water, which is one of the key factors
for tufa deposition (Chen et al., 2004). The specific
environmental conditions, such as thermal stability,
high values of dissolved oxygen, and low amounts of
inorganic nutrients described at the sampling sites,
most likely resulted in a rather high diversity of mac-
roinvertebrate communities, constituting nearly 20%
of the macroinvertebrate taxa richness documented
in Serbia (Petrovi¢, 2014). Compared to the data
from neighboring regions (e.g., Hrovat et al., 2009;
Ridl et al., 2018; Vilenica et al., 2018a, b), the ben-
thic macroinvertebrate fauna of the karst ecosystems
in Serbia can be defined as quite rich and diverse at
the regional scale. As expected, springs hosted lower
taxa richness, as aquatic macroinvertebrate diversity
typically increases downstream along the longitudinal
profile of a stream (Erman & Erman, 1995). These
findings are supported by research conducted in Croa-
tian karst hydrosystems on various aquatic insects,
including Trichoptera (Previsi¢ et al., 2007; Pozojevié
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et al., 2021), Ephemeroptera (Vilenica et al., 2017),
and some Diptera such as Empididae (Ivkovi¢ et al.,
2012) and Simuliidae (Ivkovi¢ et al., 2014). Accord-
ing to the River Continuum Concept (Vannote et al.,
1980), macroinvertebrate communities in springs
are composed of species that can function within a
narrow temperature range on a restricted nutritional
base. On the other hand, high community diversity
and species richness usually reflect high habitat diver-
sity (Milisa et al., 2006). Therefore, the high diversity
and species richness at tufa barriers could be the con-
sequence of the variety of microhabitats (i.e. presence
of different aquatic mosses and algae) and the avail-
ability and diversity of food resources (Milisa et al.,
2006; Ivkovié et al., 2014; Vilenica et al., 2017).

Taxa richness in the studied karst springs (i.e., 124
taxa) was lower compared to that in Bulgaria (i.e., 148
taxa in 20 systematic groups) (Vidinova et al., 2022),
but higher compared to that in the Julian Alps (i.e.,
76 taxa) (Mori, 2005). The dominance of insect taxa,
primarily Ephemeroptera, Plecoptera and Trichop-
tera (collectively referred to as EPT), is expected and
supported by previous studies (Maiolini et al., 2011;
Cibik et al., 2021). We recorded 64 EPT taxa (out of a
total of 91 insect taxa), a substantially higher number
compared to the 28 EPT taxa recorded for 50 karst
springs in central Bosnia and Herzegovina (Savié
et al., 2017). Trichoptera was the most speciose EPT
order in springs, corroborating the results of previous
studies (e.g. Maiolini et al., 2011; Savi¢ et al., 2017).
Ephemeroptera was less diverse than Plecoptera,
which is consistent with the findings of Maiolini et al.
(2011) and Cibik et al. (2021) and could be related to
the thermal preferences of mayflies, which are gener-
ally adapted to warmer conditions (Haidekker & Her-
ing, 2007) and are more often abundant in the upper
reaches (Vilenica et al., 2017). As isolated habitats,
springs make immigration difficult for non-flying
macroinvertebrates (e.g., Oligochaetes) (Dumnicka,
2006). Karst springs in the studied region had lower
Oligochaeta taxa richness (i.e., 10 taxa) compared
to karst springs in the Western Carpathians (i.e.,
37 taxa) (Beracko et al., 2022). The lack of suitable
microhabitats and food resources, primarily due to
low concentrations of phosphorus and nitrate result-
ing in low periphyton productivity compared to lower
sections, justifies the smaller number of Oligochaeta
taxa (Beracko et al., 2022).



Hydrobiologia

We found that springs have a higher propor-
tion of cold-water stenotherm species and species
with increased vulnerability to climate change, such
as the endangered European species Arcynopterix
dichroa (McLachlan, 1872) and T. hubaulti (Tierno
de Figueroa et al., 2010; Fochetti, 2020; Simovié
et al., 2023), as well as C. maclachlani (Balint et al.,
2011). Moreover, the A. dichroa and C. maclachlani
are European rare and circumpolar species that have
survived glacial cycles through altitude shifts in iso-
lated periglacial populations in the high mountains
(Balint et al., 2011; Theissinger et al., 2012). Also,
highly specialized taxa such as T. anomalum, P. prae-
cox, and P. meyeri were typically abundant in the Bal-
kans (Ridl et al., 2018). The distribution of the genus
Elmis in karst rivers in Serbia corresponds to its
known habitat preferences (Miceti¢ Stankovié et al.,
2018, 2022).

The family Chironomidae had the highest asso-
ciation with tufa barriers because they play a sig-
nificant role in the ecological processes of tufa envi-
ronments, inhabiting crevices, pores, and surfaces
covered in algae and macrophytes (Cmrlec et al.,
2013; Dori¢ et al., 2024). Tufa barriers can create
favourable conditions for the development of dense,
rapidly growing populations of filter-feeding insect
larvae, such as Simuliidae (Ivkovi¢ et al.,, 2014)
or Dixidae (Ivankovié¢ et al., 2019), which, in our
study, were collected from many tufa barrier sites.
Our study confirmed the presence of two Dixa spe-
cies (D. puberula and D. maculata), while the karst
regions of Croatia documented five species from the
genus Dixa (Ivankovi¢ et al., 2019). Ivkovi¢ & Pont
(2016) reported certain Limnophora species at sites
on tufa barriers in Croatia. However, in our case,
their occurrence was rare, probably due to lower tem-
peratures as a limiting factor for the development of
these larvae (Ivkovi¢ & Pont, 2016). The most suit-
able habitat types for the Ephemeroptera fauna in our
study were the upper reaches of streams and rivers;
tufa barriers were less favourable, while springs were
the least favourable. These findings correspond with
results from tufa-depositing habitats of the Dinaric
Karst in Croatia (Vilenica et al., 2017). However,
our results revealed a higher Ephemeroptera taxa
richness in each of the three types of habitats. This
result may be a consequence of the absence of fish
predators at some sampling sites, as reported during
fieldwork. Moreover, the local people does not recall

fish inhabiting some rivers (e.g., Sop, Gos, Gra). Fur-
thermore, several mayfly species, such as Paralep-
tophlebia werneri Ulmer, 1920 and Ephemera danica
Miiller, 1764, prefer habitats on tufa barriers and cas-
cades, while B. rhodani and R. semicolorata are char-
acteristic of fast-flowing upper reaches, which is in
accordance with the literature (Vilenica et al., 2017,
2021).The strong inclination of Sialis lutaria, the
only Megaloptera species documented in our inves-
tigation, toward tufa barriers, corresponds with the
conclusion of Vilenica et al. (2018a). These habitats
offer favorable living conditions for diverse aquatic
insects, such as mayflies, which can serve as a crucial
food source for Megaloptera (Vilenica et al., 2018a).
The diversity of Trichoptera observed at the
tufa barriers in our research closely resembled that
found in the Plitvice Lakes National Park in Croatia
(Previsi¢ et al., 2007, Semnicki et al., 2012), high-
lighting the dominance of Rhyacophilidae, Polycen-
tropodidae, Psychomyiidae, and Limnephilidaec. We
reported the highest average richness of Trichop-
tera taxa on tufa barriers, followed by those in the
upper reaches and springs, consistent with findings
by Pozojevi¢ et al. (2021). Furthermore, Tinodes
unicolor (Pictet, 1934) was predominantly found
in tufa barrier habitats, consistent with the observa-
tions made by Previsi¢ et al. (2007). Additionally,
our results indicate that tufa barriers can also serve
as habitats for species such as 7. anomalum and H.
bacescui, which have a disjunctive European dis-
tribution and inhabit small areas in mountainous
regions (Petrovi¢, 2014; Rimcheska et al., 2015).
According to our knowledge, this is the first finding
of these species on tufa barriers. The abundant pres-
ence of rare or endangered species from the Drusi-
nae subfamily, such as Drusus annulatus (Stephens,
1837) (Sop3), D. discolor (Sop3), and Ecclisopteryx
madida (McLachlan, 1867) (Lisl, Mvr2), validates
their preference for tufa habitats featuring aquatic
mosses exposed to strong water currents (Martini &
Waringer, 2021). According to Waringer et al. (2011),
64% of Drusinae species are endemic to the Dinaric
Western Balkan ecoregion. Furthermore, species of
the genera Drusus and Ecclysopteryx have been sug-
gested as good examples of cold stenothermic spe-
cies, which are among the most threatened by climate
warming (Pauls et al., 2006). The abundant popula-
tions of pollution-sensitive snails, such as B. istoka
(stenoendemic) and B. dispersa recorded at some
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of our sampling sites (Bigl, Panj2, Sop3) indicate
favorable habitat conditions and low levels of anthro-
pogenic pressure (Gojsina et al., 2022). This is con-
sistent with studies that have identified large popu-
lations of Bythinella species in well-oxygenated and
calcareous conditions (Dumnicka et al., 2007; Bednar
etal., 2017).

The Odonata species richness in the study area
could be considered low compared to the Odonata
fauna of the karst rivers of neighboring countries,
such as Croatia (Vilenica, 2017) and Montenegro
(Pesi¢ et al., 2017). The low water temperature, low
productivity, and smaller amounts of water were most
likely limiting factors for the occurrence of dragon-
flies. Additionally, the sampling methodology used
could influence this list of Odonata species, as the
sampling nets cover only a small area of a habitat/
microhabitat (Vilenica, 2017). All investigated habi-
tats were inhabited exclusively by lotic species, such
as Calopteryx virgo (Linnaeus, 1758), Cordulegaster
bidentata (Selys, 1843), and C. heros, as expected
(Vilenica, 2017). The findings of C. heros, as valu-
able indicators of natural, unaltered water flows, are
key to nature conservation and the formation of the
NATURAZ2000 network of protected areas (HoluSa &
Holusova, 2022).

PERMANOVA did not reveal statistically signifi-
cant differences in the composition of the macroin-
vertebrate communities between seasons, which is
not consistent with the results of Serti¢ Peri¢ et al.
(2011) and Rada & Santi¢ (2014). Such seasonal
uniformity within macroinvertebrate communities
results from the specificity of karst lotic ecosystems,
which maintain stable environmental (physical and
chemical) conditions throughout the year. Therefore,
the stable habitat conditions shaped the macroinver-
tebrate communities, reflecting the autecology of the
recorded taxa (Hrovat et al., 2009; Lewin et al., 2013;
Moog et al., 2017; Pozojevic et al., 2021).

Spatial processes played a lesser role in shaping
macroinvertebrate communities within Ecoregion 5
(6%) and Ecoregion 7 (8%), while local environmen-
tal factors were more significant drivers. However, all
models exhibited high levels of unexplained variation,
a common issue in similar studies (Rezende et al.,
2014; Medeiros et al., 2020) due to the lack of envi-
ronmental factors available to differentiate between
sites. In their natural habitat, macroinvertebrates
face a variety of factors that operate simultaneously.
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Hence, to determine the effects of different environ-
mental variables on macroinvertebrates, an analysis
of multiple parameters, such as sediment type, habitat
characteristics, and geomorphological and biogeo-
graphical factors (Verschut et al., 2015) is necessary.
The relative importance of biotic factors (interspecific
interactions) can also be significant (Peeters et al.,
2004). Efforts to collect more site-specific data are
crucial to validate these results.

Most investigated habitats are easily reachable and
have multiple purposes. Moreover, without alterna-
tive solutions, karst springs are the only potential for
current and future water supplies for some parts of the
Balkan Peninsula (Pesic et al., 2020). Although some
of the habitats studied are protected on the national
level, to varying degrees (Randelovi¢ & Avramovic,
2004; Telbisz et al., 2021; Marjanovi¢ et al., 2022),
they are exposed to various anthropogenic influences.
Slightly elevated amounts of nitrates, orthophos-
phates, and ammonium-nitrogen were detected at
some sites (i.e., Gra3Au, Grz2Su, Lis3Au; MillSp),
which may be attributed to recreational activities in
the form of restaurants located along the banks of
the river as well as in picnic areas surrounding riv-
ers. This should be considered when protecting these
vulnerable karst river systems and their communi-
ties because the rapid expansion of tourism threat-
ens karst landscapes featuring tufa accumulations
throughout Europe (Escarpinati et al., 2011; Megerle,
2021), and carbonate deposition rates decline signifi-
cantly as a result of phosphate pollution (Capezzuoli
etal., 2014).

Conclusions

The study showed that tufa-depositing lotic habitats
in the Dinaric and Carpathian—Balkan Karst regions
of Serbia are crucial for maintaining the high bio-
diversity of Southern European freshwater ecosys-
tems. Most environmental variables were comparable
among the habitat types, as were most of the taxo-
nomic community metrics, with only the springs hav-
ing lower taxa richness compared to the upper reaches
and tufa barriers. This study illustrates the importance
of considering both environmental and spatial factors
in shaping macroinvertebrate communities. Addition-
ally, we documented new distribution and ecologi-
cal trait data for several rare and protected species in



Hydrobiologia

Serbia. Finally, we emphasize that this study con-
tributes to filling existing knowledge gaps regarding
karst freshwater habitats and benthic communities in
the Balkan Peninsula. This knowledge can be used in
future conservation and protection management pro-
cedures for these unique aquatic ecosystems in this
part of Europe. Future activities should include sys-
tematic ecological studies in a larger number of study
sites and microhabitats, also encompassing lentic
habitats.
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