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Abstract: Although freshwater habitats, especially springs, are widely recognized as top-priority
habitats for monitoring and conservation procedures, their fauna, especially water beetles, are
still poorly studied in the southeastern part of Europe. Thus, the dominant water beetle in these
habitats, E. bosnica (Zaitzev, 1908) (Insecta: Coleoptera: Elmidae), has been completely ignored and
misidentified. This study represents the first review of its taxonomy and its population and ecological
traits. Both published and unpublished data are presented and discussed, as well as the results
of field sampling in 46 springs and other waterbodies conducted in this region from 2004 to 2019.
The identification characters of the male genitalia and the first DNA barcode of the species are
presented. The results confirm the close phylogenetic relationship of E. bosnica with E. aenea (Miiller,
1806) and E. rioloides (Kuwert, 1890). The species proved to be a useful environmental descriptor
and can easily be used as a biological indicator due to its easy identification. The species shows
remarkable sensitivity to environmental conditions and inhabits sites that are potentially under
increased anthropogenic pressure and could disappear at an alarming rate. Thus, karstic habitats
should be included in future conservation and monitoring procedures in this part of Europe.
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1. Introduction

People’s awareness of the importance of biodiversity for our planet rapidly advances
each day, but the number of species continues to decline [1]. The pressure on biodiversity
is too large, especially due to intensive land use and climate change. Biodiversity data
are patchy and biased, and their sensitivity varies by geographical region (Reference [1]
and the references therein). Southeastern Europe (SE), especially the Mediterranean part,
is exposed to strong anthropogenic pressures, due to its long history of overpopulation
and the increasing demand for water resources every year [2]. Various studies [2-5]
have already highlighted the importance of freshwater habitats, especially springs, as
they serve as refugia for plants and animals and are hotspots of biodiversity. The water
there is constantly available and contrasts with an often completely different environment.
Therefore, such habitats harbor species that would definitely disappear within a short time
if the freshwater habitat dried up [2].

One of the most common inhabitants of springs, rivers and streams are riffle beetles
(Insecta: Coleoptera: Elmidae). They are small-bodied (2-3 mm on average) aquatic
insects with long legs and claws that enable them to resist water currents [6]. A total of
10 genera and more than 40 species are known in Europe so far [7]. They are classified as
“true water beetles” [6]. Their life cycle is quite complex and includes both aquatic and
riparian zones [8], and they take up oxygen directly from the surrounding water [9,10].
Elmidae are often used as biological indicators due to their sensitivity to environmental
conditions [6-10]. Elliott [8] even noted that they are a potential indicator of climate change.
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Although the freshwater fauna in Southeastern Europe has been studied for more than
a century (e.g., Refs. [11,12]), the water beetles, and especially the Elmidae, have been more
or less completely ignored. Miceti¢ Stankovic et al. [13-16] and Novakovi¢ et al. [17-19]
first started systematic studies of the family Elmidae in this area. In Croatia, 24 species of
the family have been recorded so far [13,15], while similar lists for other countries in this
region are still lacking. These recent studies have shown, among other things, that the karst
springs of Southeastern Europe are inhabited exclusively by a single species of Elmidae,
i.e., E. bosnica (Zaitzev, 1908) (Figure 1), which can be extremely abundant in certain
habitats [13,14,16]. This species has been completely neglected and misidentified due to a
lack of data on biological or ecological characteristics in the literature. Apfelbeck [12], for
example, misidentified the species in the Spring of the Bistrica River as Elmis aenea (Miiller,
1806) [20], while Matonickin et al. [21] and Habdija et al. [22] misidentified it in the spring
sites of Plitvice Lakes NP, Croatia, as E. maugetii Latreille, 1802. The misidentifications were
probably the result of identifications based only on external morphology and not on the
morphology of the male genitalia [13]. Zaitzev [23] first described the species E. bosnica
as Helmis maugetii bosnica in Bosnia and Herzegovina. The species belongs to the Balkano-
Turanian chorotype [14,16] and is distributed in Albania, Armenia, Bosnia and Herzegovina,
Bulgaria, Croatia, Greece, Iran, the Republic of North Macedonia, Montenegro, Russia
(South European Territory), Serbia and Turkey [7].

The territory of Europe is very diverse in terms of its geology, hydrology and hydroge-
ology. Altogether, 21.6% of the European land surface consists of carbonate rocks, mostly
karstified with karst aquifers [24]. In Europe’s southeastern part, large areas represent
“continuous carbonate rocks”, which are prone to dissolution and defined as karst habitats.
This territory is characterized by diverse morphological, hydrological and hydrogeological
formations [25-27]. Karst freshwater habitats, especially springs, are nowadays under par-
ticular anthropogenic pressure [2,5,28,29], mainly due to their specific hydrology based on
a combination of high rock solubility and well-developed fissured porosity, as well as water
consumption, diversion of spring water or climate change [30,31]. Gaston and David [32]
have identified the Dinaric Mountain system (the Dinaric Karst) in Southeastern Europe as
a hotspot of European biodiversity. Several studies have addressed the occurrence of high
endemism in the freshwater and subterranean fauna there, with the presence of “refugia
within refugia” pattern for particular taxa [33-38]. Although freshwater springs are recog-
nized as important habitats from both anthropogenic and biological perspectives [4,7], they
remain poorly studied, and their biotic communities have yet to be investigated [39].

DNA barcoding [40] is a widely used method in taxonomy and species identification
in various studies and projects, but so far there are only a few studies on European represen-
tatives of the Elmidae (see Refs. [15,41-43] and barcoding initiatives, Refs. [44,45]). In DNA
barcoding, reliable species identification is enabled by the high interspecific divergence and
low intraspecific variability of the ~650 bp long mitochondrial (mt) cytochrome oxidase
gene subunit I (COI) fragment [46]. DNA barcoding has proven particularly useful when
dealing with siblings or morphologically ambiguous species, which are quite common in
water beetles (see Refs. [47-49]).

Considering all of the abovementioned, we have decided to provide the first review of
the biology and ecology of the widely distributed, but overlooked E. bosnica (Zaitzev, 1908),
in freshwater habitats in Southeastern Europe. To preclude future misidentification of the
species, we provide (a) an identification guide comparing the male genitalia of three Elmis
species that might occur in the same habitat and (b) the first DNA barcode. Both published
and unpublished data on the distribution, population and ecological characteristics of the
species are presented, analyzed and discussed.
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Figure 1. E. bosnica (Zaitzev, 1908): (a) habitus; (b) aedeagus—ventral side; (c) typical habitat: Spring
of the Ibra River, Montenegro.

2. Material and Methods
2.1. Study Area

The territory of Europe is a mosaic of different geological, geomorphological and cli-
matic characters [50]. Southeastern Europe lies at the crossroads of three continental regions
with climatically distinct areas: the Mediterranean, the Alpine and the Continental [26,51].
In the area investigated in this study, Alpine and Mediterranean climates overlap, with
temperature variations determined by latitude and altitude, but with inversions typical of
the Dinarid Alps. Annual precipitation shows high variability throughout Southeastern Eu-
rope, with the highest mean over 4600 mm/year in Montenegro, to less than 1000 mm/year
on the Adriatic coast [26]. The Dinaric Mountain system or Dinaric Alps (the Dinaric Karst)
represents the largest continuous karst surface in Europe and is among the largest karst sur-
faces in the world [24]. It extends over approximately 56,000 km? along the 800 km arc from
Trieste, Italy, in the north, across most of Slovenia, Croatia and Bosnia and Herzegovina to
Albania in the south [27,29,52] (Figure 2). It is considered a karst prototype (locus typicus)
with typical karst formations and hydrogeological and morphological phenomena [25].
The riverbeds in the northern region of the Republic of North Macedonia are formed as
canyons with karst relief shapes, such as caves [26].
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Figure 2. Distribution of E. bosnica (Zaitzev, 1908), in Southeastern Europe. Locality codes are the
same as in Table 1.

Table 1. Characteristics of sampling sites in Southeastern Europe, where E. bosnica (Zaitzev, 1908),
was recorded from 2004 to 2019. Abbreviations: C, locality code; MWT, mean water temperature.

. . . . Altitude . Water App.

C  Sampling Site Latitude Longitude (m) Habitat Type Constancy MWT (°C)
CROATIA

1 Cetina River, Glava$ spring ~ N43°58/36.00" E16°25'48.00" 385 hrzgffrf;“e permanent 9.00
2 Cetina River, Crveni Most N43°58'05.00” E16°25'53.00"” 365 upper reach permanent 9.00
3 Cetina River, Obrovac Sinjski ~ N43°40'01.00” E16°41'04.00” 300 middle reach permanent 10.00
4  Cetina River, Preocki Most N43°57/59.00” E16°25'53.00” 370 upper reach permanent 9.00
5  Cetina River, Trilj N43°36/21.00" E16°43'46.00" 295 middle reach permanent 10.00
6  Ruda River, spring N43°40'07.00” E16°47'56.00" 320 hn;g‘r’frf;“e permanent 12.00
7 Ijgi?lix:n SSSSI;‘ring N43°40/07.50" E16°47'49.20" 330 upperreach  permanent 12.00
8 E:Zf:p&ffges N Bijela rijeka  \144050/05.007 E15°33/43.00" 720 helocrene spring  permanent 7.00
9 Eﬁ‘;f&;;ﬁf;?if“elﬁ ek \ugo5004007 E15°33/33.007 715 upperreach  permanent 7.50
10 Plitvice Lakes N, Crna rijeka N44°49'44.46"”  E15°36/50.05” 680 rheocrene spring  permanent 8.00

River spring
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Table 1. Cont.

. . . . Altitude . Water App.
C  Sampling Site Latitude Longitude (m) Habitat Type Constancy MWT (°C)
Plitvice Lakes NP, Crna rijeka ozn/ I ong I .
11 River Middle Reach N44°5010.00" E15°36'30.00 670 middle reach permanent 8.00
1p Plitvice Lakes NP, Crnarijeka  \14 105000 007 E15°35'59.007 665 lower reach permanent 8.00
River Lower Reach
13 Vojskova River N43°49'25.60"” E16°37'54.60" 360 upper reach permanent 10.00
Krka River NP, Skradinski ool " ot "
14 N43°48'11.26" E15°57'56.29 41 lower reach permanent 12.00
Buk waterfall
15  KrkaRiver NP, Roski Slap N43°54/20.00" E15°58'22.00" 55 lower reach permanent 13.00
waterfall
16 Gacka River, Tonkovica spring  N44°47'17.35" E15°22/01.66" 465 hn;;‘r)frfgene permanent 9.50
17 Gacka River, Majer spring N44°48/51.52" E15°21/31.46" 459 hn;;?f;;“e permanent 9.00
18  Zrmanja River, spring N44°12'18.13”  E16°05'05.21" 280 rheocrene spring ~ permanent 9.00
19  Ljuta River, Konaovski dvori ~ N42°32'16.41" [E18°22/43.59” 80 upper reach permanent 8.5
20 Ljuta River, spring N42°32/11.00” E18°22'41.00” 70 rheocrene spring  permanent 11.50
21 Jadro River, spring N43°32/30.30" E16°31'11.80" 35 hn;;f;f;ne permanent 12.00
22 Zrnovnica River, spring N43°31/22.13"” E16°34/25.95" 70 rheocrene spring  permanent 12.00
23  Kr¢i¢ River, spring N44°01/31.45" E16°19'52.71" 370 rheocrene spring  temporary 9.00
24 Norin River, Prud spring N43°05'41.44" E17°37'12.24" 3 h“;;‘r’f;;ne permanent 13.50
25 Kupa River, spring brook N45°29/26.75" E14°41'2647" 385 hn;;;’ic;;ne permanent 7.50
26 Una River, spring N44°23/58.01” E16°06'13.93" 396 hn;;‘r)frfger‘e permanent 10.00
27  Cabranka River, spring N43°47'50.69"” E16°19'26.43" 570 rheocrene spring  permanent 8.00
28  Krupa River, spring N44°11/48.38"” E15°5432.45" 1058 rheocrene spring  permanent 10.00
29  Kamaénik River, spring N45°21/38.45" E15°03/59.77" 483 hrzgffrfgene permanent 8.00
30 Rjecina River, spring N45°24/31.30"” E14°25'30.01" 370 rheocrene spring  permanent 8.00
31  Kosovéica River, spring N43°56/28.00" E16°15'10.00” 260 hrzgffrfgene permanent 9.00
32 &‘fﬁ;rs;ream' after HP N45°25/38.12" E14°53/34.45" 339 lower reach permanent 8.00
33  Bistrica Spring, Dobra River =~ N45°16'27.80" E15°17'28.10” 230 rheocrene spring  permanent 10.50
34 Ribnjak Spring, Dobra River ~ N45°20/05.00” E15°15'07.00” 260 rheocrene spring  permanent 10.00
35 Podumol Spring, Dobra River ~N45°21'27.3"  E15°18'31.20" 184 hn;;?frf;“e permanent 10.50
36 Kupica River, spring N45°25'47.34" E14°51'11.96" 310 hn;;?frf;ne permanent 7.50
BOSNIA AND
HERZEGOVINA
37  Bistrica River, spring N43°49'55.76" E17°00'31.21" 777 rheocrene spring ~ permanent 8.00
38  Sturba River, spring N43°46'26.18" E17°01'24.43" 753 rheocrene spring  permanent 8.00
39  Miljacka River, spring N43°47'07.00” E18°34'25.00” 1026 rheocrene spring  permanent 6.50
40 Ligtica River, spring N43°23/46.87" E17°35'50.23" 322 rheocrene spring  permanent 8.00
REPUBLIC OF NORTH
MACEDONIA
4 [Lazaropole, Hygropetric N41°33/38.10” [E20°41’39.00” 916  rheocrene spring  permanent 8.00
beside the road
42  Galicka River, spring N41°35'36.40"” E20°39'52.30” 1407  rheocrene spring  permanent 5.00
43  Vevtani Springs N41°14'22.50” E20°35'03.70" 951 rheocrene spring  permanent 8.00
44  Rosocka River, Rosoki spring ~ N41°34'10.00” E20°41’35.90” 1024 rheocrene spring  permanent 7.00
MONTENEGRO
45  AlipaSa Springs, Gusinje N42°33/00.50"” E19°49'33.10" 932 helocrene spring  permanent 6.00
46  Ibra River, spring N42°47'51.00” E20°05'25.30" 1256 rheocrene spring  permanent 5.00




Diversity 2022, 14, 26

6 of 19

2.2. Sampling and Data Collection

For this study, we examined all data from the literature, environmental impact studies
and baseline studies [53-55], as well as field sampling conducted throughout the western
part of Southeastern Europe, where E. bosnica has been recorded in the period of the last
15 years (from 2004 to 2019). Sampling of water beetles was carried out in karst springs
and rivers in Croatia (CRO), Bosnia and Herzegovina (B&H), Montenegro (MG) and the
Republic of North Macedonia (RNM) (Table 1 and Figure 2). Most of these sites are located
in the area of the Dinaric Karst. Comprehensive studies in Croatia (Cetina River and Plitvice
Lakes) are also included [14,16,55], as well as the unpublished study on water beetles in
the Spring of the Bistrica River (B&H), where the species was extremely abundant [56]. The
water beetles at the latter locality site were sampled monthly (2007/2008) in three types of
microhabitats: bryophytes (three microhabitats), sand and gravel (one microhabitat), and
pebbles (one microhabitat), using the methodology following Miceti¢ Stankovi¢ et al. [14,
16].

The typology of springs used in this study follows Hynes [57], who distinguishes
three basic types: limnocrene, rheocrene and helocrene spring. All habitats were analyzed
in terms of elevation, canopy cover and permanence of water flow. The mean annual water
temperature of the sites was determined by using unpublished data from field sampling,
various works from the literature and data from state hydrological institutes, and then
analyzed in relation to the following factors: (1) position of the habitat in the watercourse
(spring, upper, middle or lower reach), (2) elevation of the habitat (the range was defined as
follows: <200 m; 200-500 m; >500 m) and (3) canopy coverage (3 categories: open canopy,
open/closed (20-50% of the watercourse in shade), and closed (>50% of the watercourse in
shade)).

Species was identified by using Berthélemy [58] and specimens in the World Wa-
ter Beetle Collection and Research Centre of the Natural History Museum in Vienna.
Identification based on the male genitalia structure, the aedeagus, was conducted by an
Olympus ZX9 stereomicroscope at 40-60x magnification. The aedeagus was placed in
liquid medium, examined and afterward glued together with dry mounted habitus. The
habitus was photographed with the Olympus microscope BX 51, while the male genitalia
were photographed with a Carl Zeiss Axio Vert inverted microscope.

All specimens of E. bosnica collected in this study were deposited in the Croatian
Natural History Museum, Zagreb.

2.3. Data Analysis

Species traits both from published and unpublished data were analyzed, compiled and
reviewed in terms of (1) population traits, i.e., seasonal dynamics, adult/larvae ratio, sex
ratio; and (2) ecological traits, i.e., preference for abiotic and biotic environmental factors.

In addition to the published data on population traits of the species [14,16], we
conducted an analysis by using the unpublished data collected in the Spring of the Bistrica
River (B&H). The non-parametric Friedman'’s Test and General Linear Model (GLM) were
used to test for differences in the abundance of life stages as a function of season and
substrate type. Prior to the analysis, biological data were log-transformed. Seasons were
defined as follows: spring, March to May; summer, June to August; autumn, September to
November; winter, December to February.

Data for sex ratio were collected from four springs and their accompanying sites (for
details on site and substrate, see Miceti¢ Stankovi¢ et al. [14,16,56]), where E. bosnica was
the only species of the genus Elmis. Variation in sex ratio due to substrate type and season
was tested by using a General Linear Model. Prior to the analysis, biological data were
log-transformed.

Ecological traits of species were represented as preference for a particular environmen-
tal factor. In addition to published data [14,16], we also included unpublished data from
the Spring of the Bistrica River (B&H). In the latter study site, the relationship between
species and environmental factors in spring was analyzed by using Pearson’s correlation
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coefficient (r). The correlation was performed separately for adults and larvae based on
their abundances. For all measured variables (Figure 3; see also Refs. [14,16]), in the Spring
of the Bistrica River, a preselection was carried out prior to the principal component anal-
ysis (PCA). Thus, the variables were tested with stepwise regression (interactive-forward
selection) to determine which variables significantly influence both the larval and adult
stages. Principal components analysis (PCA) was used to evaluate the potential influence
of eleven variables on species abundance [59]. Prior to PCA analysis, the abiotic data were
normalized, while the biological data were log-transformed.
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Figure 3. Environmental characteristics and seasonal dynamics of E. bosnica (Zaitzev, 1908), in the
Spring of the Bistrica River, Bosnia and Herzegovina. Abbreviations: T (°C), water temperature;
Oy (mg L1, dissolved oxygen; O, (%), oxygen saturation; Cond (uS cm 1), conductivity; Alk
(mg CaCO3;L 1), alkalinity; NO3 (mg L), nitrates; NHy* (mg L~'), ammonium ions.

All analyses were performed by using the software package SPSS 17.0 [60] and
PRIMER v.6 [61] for Windows. The graphics were created with Adobe® Tllustrator® CS6
and GrapherTM 11 from Golden Software, LLC [62].

2.4. DNA Extraction, PCR Amplification, Sequencing and Analyses

Before genomic DNA extraction, beetle specimens were briefly soaked in sterile Milli-
Q water and air-dried for fifteen minutes. Non-destructive genomic DNA extraction from
entire specimens was carried out by using the GenEluteTM Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA), following the protocol for rodent tail
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preparation, but with slight modifications (incubation in Proteinase K overnight; final DNA
elution in 100 pL of elution solution). After DNA extraction, specimens were briefly rinsed
in Milli-Q water, transferred to ethanol and stored as vouchers (listed in Table 2).

Table 2. Specimens of E. bosnica (Zaitzev, 1908) DNA, barcoded in this study.

Sample Sampling Site BOLD-ID GenBank Accession No. Voucher
VMS-B14 Plitvica River NP (CRO) CROBF009-19 OL874461 CROBB9
VMS-B61 Zrnovnica River, spring (CRO) CROBF010-19 OL874463 CROBB10
VMS-B30 Zrnovnica River, spring (CRO) CROBF006-19 OL874460 CROBB6
VMS-B102 Kupica River, spring (CRO) CROBF008-19 OL874462 CROBBS8
EB144-MK Gali¢ka River, spring (RNM) CROEL024-21 OL874459 CROBB879

The standard barcoding region of the mitochondrial COI gene [40] was amplified
with the universal primers LCO1490/HCO2198 [63]. Amplification mixtures consisted
of 1 x DreamTaq™ reaction buffer containing 2 mM MgCl, (Thermo Fischer Scientific,
Waltham, MA, USA), 0.2 mM dNTP mix (Qiagen, Hilden, Germany), 0.5 uM each primer,
1.0 U DreamTaq polymerase (Thermo Fischer Scientific, Waltham, MA, USA) and 3 pL of
DNA in a 20 pL reaction volume. PCR products were enzymatically purified by using
an Exol-rSAP system (NEB, Ipswich, MA, USA), following the manufacturer’s protocol,
and bidirectionally sequenced in Macrogen Inc. (Amsterdam, The Netherlands), using
amplification primers.

Sequences were checked and edited in Geneious 8.1.4. [64] and subsequently deposited
in the NCBI and BOLD databases (NCBI and BOLD accession numbers are listed in Table 2
and available in the BOLD project CROEL). Barcode Index Numbers (BINs) were assigned
to specimens by using the REfined Single Linkage Analysis (RESL) algorithm in BOLD [46].

BOLD identification tool [65] was used to compare the DNA barcode sequences
amplified from our samples with the public barcode data available in the BOLD database.
The NCBI GenBank database was searched by using the BLAST tool via the megablast
algorithm. Available COI sequences of Elmidae specimens (genus Elmis and outgroups)
were withdrawn from the BOLD public records database and used for subsequent analyses.

The multiple sequence alignment was constructed with MAFFT version 7, using
the “Auto” strategy (see Refs. [66,67]; the final alignment is available upon request). In-
traspecific and interspecific p-distances were calculated by using MEGA 7.0.25. [68]. The
maximum likelihood (ML) tree was constructed on the PhyML 3.0 webserver [69,70], with
automatic model selection by SMS (determined by the AIC selection criterion) [71] and
aLRT SH-like support [72]. The resulting tree was edited in FigTree v.1.4.3. [73].

3. Results and Discussion
3.1. Identification and Distribution

During field trips throughout Southeastern Europe over a 15-year period (from 2004 to
2019), the species was recorded at a total of 46 sites (Figure 2 and Table 1). The identification
of the species was based on the morphology of the male genitalia, which differs considerably
from other Elmis species that might occur there [7,74]. The penis of E. bosnica is noticeably
larger than the associated parameres (Figure 4). Specimens collected from four localities
(springs of Plitvice Lakes NP, Zrnovnica River and Kupica River (CRO) and spring of
the Galitka River (RNM)—listed in Table 2) were further DNA barcoded. BLAST search
resulted in best hits with the samples of Elmis aenea and Elmis rioloides (Kuwert, 1890)
(93-94% identity on average), while the BOLD identification tool could not give a species-
level match in a database of public records; in accordance with that, BIN-RESL assigned a
new BIN to sequences of E. bosnica (BIN no. BOLD: ADR7537). The average intraspecific
variability (p-distance) between the sequences of E. bosnica amounts to 0.3% (range 0.0-
1.7%), while the interspecific divergence with respect to other Elmis species ranges from 6.2
to 15.8%. These values are comparable to intraspecific vs. interspecific distances for the
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barcoding region observed in Coleoptera [41,75]. However, the relatively high variability
of the specimen from the Spring of the Gali¢ka River, RNM (COI p-distance of 1.7% with
respect to other specimens of E. bosnica), may indicate the existence of the significant genetic
differentiation within this species and prompts for more comprehensive analyses. It is
noteworthy that Olah et al. [76] have already identified new caddisfly species in this high-
altitude spring isolated at 1407 m a.s.1., and it may potentially hide taxonomically interesting
fauna. The phylogenetic ML tree based on COI sequences (Figure 5 and Supplementary
Materials File S1) confirms that E. bosnica forms a monophyletic group most closely related
to the sequences of E. rioloides and E. aenea. The three species are traditionally considered
to be close relatives [58], so this result supports this notion. However, keeping in mind the
limitations of the use of single molecular marker, phylogenetic relationships within this
genus should be analyzed with an expanded molecular dataset and more comprehensive
sampling covering the species’ distribution ranges.

penis

_r

I

paramere

m{/; \—r

0.1 mm

Elmis aenea Elmis ricloides

Figure 4. Drawing of the male genitalia of E. bosnica and two other species occurring in the same
habitat in Southeastern Europe. * Distance from the tip of the paramere to the tip of the penis as
the main identification character. The drawing of the male genitalia of E. aenea and E. rioloides was
adapted from Olmi [74].
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Figure 5. Maximum likelihood phylogenetic tree based on sequences of COI barcoding fragment of
Elmis species publicly available in BOLD. Species clades are collapsed for simplicity; aLRT values are
indicated on the nodes (values lower than 0.7 are not shown).

In the checklist of Croatian Elmidae, the habitats of E. bosnica are defined as springs;
streams; and upper, middle and lower reaches of large and small karst Mediterranean and
mountainous and submountainous rivers [13]. Although the number of localities included
in this study is much higher than the one in the checklist, the type of habitat remains the
same. The species is mainly recorded in karst springs and upper sections of rivers and
streams. More so, as it is the only Elmis species there, especially in spring areas, it can
be defined as a good indicator of stream zonation (see Refs. [14,16]). This is in complete
contrast to the fauna of springs in the rest of Europe, where other species dominate, such
as E. rietscheli Steffan, 1958; E. aenea; or E. latreillei Bedel, 1878 (e.g., see Refs. [77-79]).
Zollhofer [80] hypothesized that the exclusive presence of crenal fauna in the springs is a
result of competitive exclusion. Nevertheless, E. bosnica is also found in middle and lower
sections of rivers, but only if the riverbed is a canyon type with fast-flowing oligotrophic
and cold water. In these sections, the species cohabits with two other elmids, E. aenea
and E. rioloides, which assemble typical crenal fauna in other parts of Europe [6,8,10,14,16].
Therefore, E. bosnica can be defined as crenophilic rather than a crenobiont species [81], as it
reaches its maximum densities in spring areas [14,16,56], but can also inhabit downstream
habitats. It is important to address that we still do not know the northern distribution
border of E. bosnica in Southeastern Europe, as the species has not yet been recorded in, for
example, non-karst springs in northern parts of Croatia [82].

The range between the highest and the lowest altitude of the sampling site extended
for 1404 m (max = 1407 m a.s.1,, spring of the Gali¢ka River, RNM; and min =3 m as.L,
spring of the Norin River in the village Prud, CRO). Three elevation ranges with significant
differences in the mean water temperature were defined (p = 0.001, p < 0.001) (Table 1
and Figure 6). Overall, the mean annual water temperature of the habitats studied ranged
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from 5 to 13 °C, so E. bosnica can be considered a typical inhabitant of spring with cold
water [27,29,31]. Temperatures also differed between habitats, due to canopy cover and
spring type, but without statistical confidence (Figure 6).

All habitats
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Figure 6. Differences in mean annual water temperature (MAWT) at sampled sites due to elevation,
canopy cover and habitat type.

3.2. Population Traits and Seasonal Dynamics

Over the last 15 years, we have found large differences in the abundances of E. bosnica
at spatial and temporal scales, especially when comparing study sites where the same
methodology was applied. For example, in the Spring of the Bistrica River (B&H), a total of
880,152 specimens per m? were collected within one year, while in Spring of the Cetina River
(CRO), only 110 specimens per m? were identified [16]. Species abundance differed on a
spatial scale in the Spring of the Bistrica River (p = 0.003, p < 0.05), confirming that substrate
type plays a key role in determining water beetle populations [83,84]. The abundance of E.
bosnica also varied on a temporal scale (Figure 7) (p = 0.001, p < 0.05, Monte Carlo post hoc
p =0.001, p < 0.05), a finding that is in agreement with previous results [12,14]. When life
stages were analyzed separately, larvae showed large differences on an annual basis (p = 0.
042, p < 0.05). Berthélemy and de Riols [85] and Eliott [86] indicated an overlap of life stages
of elmids during a one-year cycle, as was also confirmed for E. bosnica both in the Spring of
the Bistrica River (B&H) and at other study sites [14,16]. Latter studies have shown that the
species adapts its life cycle to the characteristics of its habitat. Therefore, adults dominate
in spring and especially in summer, regardless of environmental conditions. On the other
hand, the seasonal dynamics of the larval stage are strongly dependent on the habitat,
especially the density of the tree canopy, the permanence of the flow and the presence of
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bryophytes [14,16,87]. Thus, larvae are dominant in the cold months (autumn and winter)
only if the habitats offer optimal conditions (e.g., open canopy and bryophytes), as was the
case in the Spring of the Bistrica River. If, on the other hand, conditions are not favorable
all year round, e.g., due to closed canopy cover or high differences in water flow, larvae
dominate only in the warm months (spring and summer) and may even be absent in winter
(see Refs. [14,16] for more information).

3 ] Conductivity
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Figure 7. PCA ordination plot of E. bosnica (Zaitzev, 1908), and environmental variables in the Spring
of the Bistrica River, Bosnia and Herzegovina. Variables that significantly affect the species are
marked in red. Dashed arrows represent variables, and solid arrows represent life stages.

Although the sex ratio is known as one of the key parameters for knowing the biology
of any species, there are few data in the literature on Elmidae [86,88-90]. Sex ratios of E.
bosnica in four studied karst springs differed at spatial and temporal scales (Table 3). The
abundance of males and females differed between seasons (p = 0.0023, p < 0.05; Figure 8),
with females generally dominating in spring (March and April), while males dominated
in autumn (October and November). It can be seen that, in individual months, males can
be considerably more abundant than females, as was the case in the Spring of the Bijela
rijeka River (CRO) (autumn and winter: p = 0.05, p < 0.05, Figure 3), which is in accordance
with the study by Seagle [90]. Substrate type also proved to be an important factor in
determining differences between male and female abundances in the Spring of the Bijela
rijeka River (CRO) (p = 0.001, p < 0.001) and upper reach of the Bijela rijeka River (p = 0.001,
p < 0.001), as shown in Figure 8. Elliot [86], in his study of four elmid species, found that
the sex ratio was 1:1 according to Fisher’s principle [91,92], a result that was also found
for E. bosnica in the Spring of the Bistrica River. In the other springs and habitats studied,
however, the ratio was in favor of males, especially in the winter months; this could be
explained by the emergence of females in summer [88,89].
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Table 3. Sex ratio of E. bosnica (Zaitzev, 1908), in four karst springs and two rivers from Southeastern Europe. Symbol: ¢—female, &'—male.

Microhabitat/Month
Plitvice Lakes NP, CRO February = March April May June July August  September October November December January
Spring of the Crna rijeka River, bryophytes only & 0 0 0.67:1 0.93:1 0.87:1 1.46:1 0.8:1 1.07:1 0 1.11:1 0
Middle reach of the Crna rijeka River, bryophytes 0.5:1 0 only & 1 3:1 2:1 1 only @ 5:1 0 only & 1.5:1
Spring of the Bijela rijeka River, angiosperms 0 0.33:1 0.5:1 only & 0 only ¢ 1 0.5:1 0 only & 0 0
Spring of the Bijela rijeka River, bryophytes 1.42:1 1 0.42:1 0.33:1 2.08:1 0.9:1 9:1 only & 1.67:1 only @ 0.17:1 only &
Upper reach of the Bijela rijeka River, angiosperms 0 only @ 0 0 0 only & only & only & 0 only @ only & only @
Upper reach of the Bijela rijeka River, bryophytes 5:1 2.67:1 0.33:1 2.17:1 only & 1 2171 1.75:1 0.67:1 0.4:1 2.5:1 only Q
Spring of the Cetina River, CRO
Angiosperms 0 0 0 0 0 0 1 only & 0 0 0 0
Pebbles 0 only @ 0 0 0 only @ 0 0 0 0 0 0
Spring of the Bistrica River, B&H
Bryophytes main course 1.3:1 0.74:1 0.78:1 0.99:1 0.93:1 1.84:1 1.02:1 1.24:1 0.62:1 1.47:1 1.76:1 0
Bryophytes side channel 0.59:1 0.53:1 0.23:1 0.77:1 0.61:1 0.17:1 0.91:1 1.77:1 1.2:1 2 only @ 1.07:1
Bryophytes side course 1.45:1 0.95:1 0.85:1 1.45:1 1.68:1 1.46:1 1.02:1 1.48:1 1.24:1 2 1.09:1 0
Pebbles main course 1.16:1 1.28:1 1 0.5:1 3.5:1 0.83:1 0 0.31:1 0 1.44:1 1 1.5:1
Sand and gravel main course 0.82:1 0.87:1 0.86:1 1.33:1 0.65:1 0.69:1 1.04:1 1.67:1 1.13:1 0.44:1 1 1.37:1
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Figure 8. Univariate analysis profile plots of sex ratio of E. bosnica (Zaitzev, 1908), in two rivers in
Croatia: (a) by season and substrate in the Bijela rijeka River and (b) by season in the Crna rijeka

River.

3.3. Ecological Traits

The physicochemical parameters of the water in the Spring of the Bistrica River
(B&H) show the same karstic character of the water as those in which the species was
previously recorded with oligotrophy and low temperature present [14,16]. In general,
the assemblages of water beetles are primarily defined by substrate type, hydrogeology
and current velocity [83,84,93]. Riffles with submerged aquatic vegetation, bryophytes
or angiosperms are a particularly preferred substrate for elmid species, and also for E.
bosnica [14,16,20,56]. The structure, type and distribution of aquatic vegetation determine
both its abundance and distribution, especially in the adult stage [14], as bryophytes provide
them with both food and shelter [8]. The bryophyte community of Cinclidotus aquaticus
(Hedw.) Bruch et Schimp. and Platyhypnidium riparioides (Hedw.) Dixon. has already
been defined as the preferred community for E. bosnica [14,16]. It was also confirmed in
the Spring of the Bistrica River (B&H), as the bryophyte community comprises these two
species. Moreover, previous studies defined this bryophytes community joined with Elmis
species as “the carrier of biodiversity” in freshwater karst habitats, but for misidentified
E. maugetii (see Refs. [13,21,22,94,95] for more information). Recent studies have shown that
only E. bosnica occurs in these habitats, again indicating that this species was previously
completely unknown and that further studies are needed [13,14,56].

The relation to environmental factors differs between life stages of E. bosnica, as was
determined both in previous studies [14,16] and in the current study. The preselection
analysis (interactive-forward selection) of all measured variables confirmed that water depth
and current velocity are key factors in defining species abundance and distribution in the
Spring of the Bistrica River. The adult stage correlated with both water depth and current
velocity (depth: r = 0.303, p < 0.05; velocity: r = —0.351, p < 0.001), while the larval stages
correlated only with current velocity (r = —0.398, p < 0.001). Afterward, a principal compo-
nent analysis was conducted which indicated an eigenvalue of 0.780, with a cumulative
percentage of variance of 90.04% for the first two axes. Based on the ordination plot, the
environmental variable that correlated most strongly with both life stages was current
velocity. This result is consistent with the study by Brown [96], who hypothesized that riffle
beetles seek out high currents to escape potential predators, particularly fish and birds.
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Flow permanence, conductivity and alkalinity are complementary but also important vari-
ables. Flow permanence defines distribution and composition of macroinvertebrates [97,98],
especially in spring habitats ([81] and references therein). Hence, only one site in our study
did not have permanent flow. In other habitats in Southeastern Europe, the pH, oxygen
saturation and alkalinity also proved to be relevant factors in determining the abundance
and distribution of E. bosnica [14,16,56]. Therefore, we can only conclude that it is not
possible to identify one or two main environmental factors that determine the populations
of E. bosnica. On the contrary, the species can be used as an “environmental descriptor”
due to its extreme sensitivity. In Plitvice Lakes NP (CRO), for example, the water has
low nutrient variability and high alkalinity, and both factors have strongly influenced the
abundance and distribution of E. bosnica [14,56,99,100].

In order to better understand the ecology of species and the effects of anthropogenic
pressures and even to take effective conservation procedures, further studies should focus
on various biological traits, such as behavior, life history and physiology, or sex competition.
However, these are still unknown to modern science, and we are only trying to interpret
one piece of the puzzle based on snapshot surveys. An excellent attempt at a better
understanding was made by Ortega et al. [101] (and references therein), who compared
past assemblage data of water beetles with current data over an 18-year period. The study
clearly shows that biological traits, rather than widespread environmental parameters,
have the strongest effect in defining the current (and future) assemblage of the water beetle
populations.

Based on the fact that water beetles, and even freshwater springs, are almost com-
pletely ignored from a conservation and protection point of view in Southeastern Europe,
studies such as ours greatly improve the overall knowledge about endangered and specific
habitats and their fauna. Even more, E. bosnica inhabits springs and cold, clear fresh waters
also in the Mediterranean part of Europe, which is defined as a “biodiversity hotspot”
but is under severe anthropogenic pressure [4,5,102]. This area is one of the richest in
terms of total number of species and especially endemic species, so a higher proportional
loss of species in absolute terms will lead to even greater losses [1]. Spring ecosystems in
Southeastern Europe should be a top priority in conservation plans, similar to those in the
Mediterranean [2].

3.4. Conclusions and Outlook

In conclusion, our study provides the first comprehensive review of all published
and unpublished data, as well as the results of various projects and field sampling, in
which E. bosnica has been studied. This species has been completely overlooked until
recently, despite the fact that it is the only elmid species and often the dominant species in
benthic communities of karst springs and lower sections of high-current waterbodies in
Southeastern Europe. We expect that E. bosnica can no longer be misidentified due to the
identification characteristics presented. The species has proven to be a useful environmental
descriptor and can easily be used as a biological indicator due to its easy identification.
The need for conservation stems from the fact that the species is remarkably sensitive
to environmental conditions and secondly that it inhabits cold karst springs, habitats
that are under increasing anthropogenic pressure [30] and disappearing at an alarming
rate [29]. Therefore, only with permanent conservation programs can these unique habitats
be protected for future generations, and then their fauna, including E. bosnica, will no longer
be overlooked.
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