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Abstract. Karst freshwater caves are subterranean habitats characterized by the constant absence of light and relatively small variations of
temperature and air humidity. They are mostly food deprived environments, with the exception if large bat colonies are present or if they
are intensively supplied with organic matter by sinking rivers. Even though these habitats are often described as harsh, they have enabled
the evolution of highly specialized and often endemic animals. The cave eukaryotic micro-organisms, on the other hand, are scarcely re-
searched. The results of research of testate amoebae in the caves of the Dinaric arc detected 23 species, 12 of which were first found in caves.
Also, a description of Centropyxis bipilata sp. nov. is presented. This species is clearly distinguished from other described species based on
shell size, the presence of two struts and the usually dark ring around the aperture. Testate amoebae were registered on aquatic and terres-
trial cave sediments and transitional habitats (like hygropetric and wet walls). The most frequent species within the samples were: Trinema
lineare, Cryptodifflugia oviformis and Centropyxis bipilata sp. nov. Maximum diversity of testate amoebae was registered in Ponor Kovaci
with twenty species. In 24.4 % of the investigated samples microphototrophs were found, implying good surface-subsurface connectivity
that could also affect testate amoebae diversity. This research showed that caves are underestimated habitats that can provide us with new
data about the testate amoebae biogeography and diversity.

Keywords: cave testate amoebae, karst cave connectivity, cave protists, phototrophic organisms in caves, aphotic habitats.

INTRODUCTION soils and peats, with high organic content and low nutri-
ent turnover (Smith et al. 2008). For a long time testate
amoebae have been used to describe changes of water
tables during bog development (e.g. Hoogenraad and De
Groot 1940, Mitchell et al. 2008) and in investigations of
Address for correspondence: Najla Bakovi¢, ADIPA — Society the agemg of lakes (Mels‘[erf,dd 2 OOOa)..In t}.le last de-
for Research and Conservation of Croatian Natural Diversity, cennia, there has been a growing interest in soil commu-
Orehovecki ogranak 37, 10040 Zagreb, Croatia; E-mail: najla.ba- nities (Bobrov 2019, Smith et al. 2008), but the presence
kovic@gmail.com of testate amoebae in caves is largely uncharted territory.

Testate amoebae occur worldwide in terrestrial and
freshwater habitats, but most frequently in moist acid
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The study of protozoa in karst caves started in the
nineteenth century (Vandel 1965). Even though caves
are, at first glance, harsh and barren, these habitats sup-
port a unique fauna ranging from various invertebrates
to amphibians. The spatial isolation of these organisms
and specific environmental conditions (absence of light,
small variations of air temperature and high humidity,
low food input) lead to the evolution of specialized and
mostly endemic fauna (Culver and Pipan 2009). The
Dinaric arc is especially rich in species and it is consid-
ered as one of the hotspots of subterranean biodiversity
(Culver and Sket 2000). Specialized and endemic sub-
terranean fauna is imposing the question: are there also
specialized subterranean protists?

This question has challenged many researchers to
enter the caves even though these are often very techni-
cally demanding environments (vertical objects, narrow
channels, etc.) where specialized speleological skills are
needed. Unfortunately, only scarce results, collected by
various researchers, exist. Mostly, they were the result
of single sampling efforts, but Chibisova (1967) and
Decloitre (1955) provided a surprising amount of data
on the morphology of collected individuals. Chibisova
(1967) described a new species of testate amoebae from
caves, Cyclopyxis bathystoma, later considered one of
the synonyms of Cyclopyxis kahli (Foissner et al. 1995).
Some authors have also described new forms/varieties
of testate amoebae from caves (Chibisova 1967, De-
cloitre 1955, Delhez and Chardez 1970). Gittleson and
Hoover (1970) even wrote a simple key for the identifi-
cation of common species in caves.

Most researchers have concluded that testate amoe-
bae from caves comprised already described and most-
ly eurybiont species (e.g. Gittleson and Hoover 1969,
Golemansky and Bonnet 1994). Different caves usually
harbor a lot of similar species. When comparing the
biodiversity within different caves, Gittleson and Hoo-
ver (1970) found that 50% of the detected species were
also found in two or more researched caves which is in
accordance with the results of other researchers men-
tioned in the same article.

Mazei et al. (2012) studying caves in Russia and
Italy observed different dominant species in different
regions. They noticed that some species common in the
caves were absent in the surface habitats in the same
regions. The species richness of testate amoebae, ob-
served in their research, was higher in caves with di-
verse habitats.

Regarding Golemansky and Bonnet (1994), the
abundance of testate amoebae in freshwater and some

terrestrial habitats (clay deposits) in caves is low. The
highest abundance of testate amoebae is found in sedi-
ments that are rich in organic matter (e.g. bats guano),
moonmilk and aggregations of mycelia on wood mate-
rial. Some authors mention that testate amoebae were
not always detected in samples, which implies that their
populations could also be very low (Delhez and Char-
dez 1970).

The goal of this study was to record the biodiversity
of testate amoebae in various aphotic microhabitats of
karst caves and to discuss some ecological implications
with regard to the surface-subsurface connectivity in
the karst terrain of the Dinaric arc.

MATERIALS AND METHODS

Research location

Samples were collected in freshwater karst caves located in
South-Eastern Europe in the territories of Croatia and Bosnia and
Herzegovina (Tab. 1, Fig. 1). These caves were formed in carbonate
rocks such as limestones and dolomites. Regarding their hydrology
conditions, they include sinkholes, caves that are subjected to occa-
sional or constant endogenous flooding, and caves that are not show-
ing significant water flows. The length of the researched caves range
from tens of meters to thousands of meters. Bats’ guano was occa-
sionally present in some caves, but mostly near the cave entrances.

Table 1 shows the names and locations of the researched caves,
the number of collected samples and sampling dates. The cave num-
bers 1-18 (Tab. 1) were in the main focus of this study: statistical
analysis was performed on the data from these caves and also a de-
tailed analysis of other biological data has been carried out. The
cave numbers 19-27 (Tab. 1) represent additional locations where
Centropyxis bipilata sp. nov. was found during unpublished re-
search by N. Bakovi¢ and R. Bakovi¢ (details not mentioned here).

Sampling and sample treatment

All samples were collected in karst cave habitats out of the
reach of day light (aphotic cave zone). Only the Jama Baredine cave
is a touristic (show) cave with installed electric lights, open in the
spring, summer and autumn months, while other caves are not open
to the public.

Sampling of freshwater sediments: Samples from the wa-
ter pools (calcite pools, some subterranean lakes and stream sedi-
ments, pools in deposits of cave sediments) were collected by suc-
tioning the bottom layer of water and sediment with plastic pipettes
and by transferring samples into plastic bottles. Floating sediment
on the surface of subterranean water pools was collected directly
into plastic bottles. Sediments from running and stagnant groundwa-
ter were taken directly by scooping the sediment with plastic bottles.

Sampling of transitional habitats: At locations where the wa-
ter layer was too thin for pipette sampling (wet walls, hygropetric,
bacterial biofilm on cave walls), the substrate was rubbed with plas-
tic brushes. The sediment retained on the brush was then washed in
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Table 1. Cave locations

No. Name Short Geographical Sampling No. of collected  Distance of sampling
of the cave name location* date samples site from the cave en-
trance (m)

Research locations in main focus of this study

1. Bibicka BIB Munjasi, Tro$marija, HRV 09/2012 1 35

2 Bilobrkova $pilja ~ BIL Bilobrei, Vinicko polje, Vinica, B&H 09/2014 2 60

3. Cavlinka CAV Muskovei, Obrovac, HRV 08/2016 1 30

4 Dahna DAH Omerovic¢i, Tomislavgrad, B&H 09/2013 6 100-230
09/2014 3
09/2018 2

5. Dobra DOB Vrilo, Prisoje, Tomislavgrad; B&H 09/2014 1 32

6. Jama Baredine BAR Nova Vas, Pore¢, HRV 09/2018 3 290

7. Jopic¢eva Spilja JOP Podgorje Krnjacko, Krnjak, HRV 03/2012 2 500-700

8. Lisi¢ja $pilja LIS Omerovic¢i, Tomislavgrad, B&H 08/2018 3 32-40

9. Listvaca LTV Grabovica, Tomislavgrad, B&H 08/2018 2 70

10. Ponor Kovaci KOV Kovaci, Tomislavgrad, B&H 09/2014 1 15-20
08/2018 4

11. Sini¢ica $pilja SIN Sini¢i¢, Brinje, HRV 04/2012 3 24

12. Spilja Strazanj STR Izvor rijeke Suice, Tomislavgrad, B&H 08/2018 2 38

13. Spilja Suvaja SUvV Usljebrke, Kastel Zegarski , HRV 08/2016 2 180

14. Tamnica TAM Rumin, Hrvace, HRV 04/2018 2 20

15. Topla pe¢ TOP Golubi¢ Zegarski, HRV 08/2016 4 34

16. Tounjcica TNJ Tounj, HRV 06/2012 2 32-70
04/2013 1

17. Velika Bukovacka BUK Bukovci, Tomislavgrad, B&H 08/2018 2 30-35

Spilja

18. Velika pe¢ VEP Gornji Cabri¢i, Golubi¢ Zegarski, HRV 06/2012 1 20-26
04/2013 1

Additional caves (used for determining Centropyxis bipilata sp. nov. biogeography)

19. Cakovac CAK Bobici, Kosinj, HRV 08/2016 1 13

20. Horvatova $pilja ~ HOR HE Sklope, Kosinj, HRV 08/2016 1 75

21. Hukavica HUK Donja Vidovska, Velika Kladusa, B&H 06/2019 1 18

22. Kotlusa KOT Kotlusa, Vrlika, HRV 06/2011 1 35

23. Miljacka II MLJ Canyon of river Krka, Oklaj, HRV 07/2018 1 85

24. Prazina pec¢ina PRZ Mlakvena greda, Kosinj, HRV 08/2016 1 12

25. Rogovac ROG Lovi¢ Prekriski, Vivodina, HRV 05/2019 1 23

26. Spilja na Crvenom CRV Crveno jezero, Imotski, HRV 09/2018 1 10

jezeru
27. Veternica VET Medvednica, Zagreb, HRV 10/2011 1 380

*The precise coordinates of the caves have not been given in order to prevent illegal collecting of the cave fauna, but they can be obtained from the legal
authorities in charge of nature protection.

a plastic bottle containing 40 ml of tap water. The procedure was  ment): Samples were collected by plastic spoons and placed in plas-
repeated until the water in the bottle was muddied due to dispersed  tic bottles. If water was not naturally present in the collected sedi-
sediment particles. ment, tap water was added and the sample was held for 24 hours

Sampling of terrestrial cave sediments (inorganic sediment, at a temperature of 4-8°C. This method was used in order to more
bat guano, a mixture of mammalian excrement and inorganic sedi-  successfully isolate individuals from the debris.



204 N. Bakovic et al.

p oy |

Adriatic sea

i 3

R

Croatia

Bosnia&Herzegovina

X

—— State borders

LEGEND
¢ Researched caves with Centropyxis bipilata sp. nov.
® Researched caves without Centropyxis bipilata sp. nov.
+ Additional caves with Centropyxis bipilata sp. nov.

Fig. 1. Cave locations

Sampling of xylal (the source of this wood debris is manmade,
or natural water flooding): Samples were collected in plastic bottles
along with a small amount of water from the pool in which they
were found. A mixture of water and scraped material from the sur-
face of the wood debris was used for examining.

Samples were transported to a laboratory and held at a tempera-
ture of 4-8°C and were examined within a period of 48 hours from
the time of collection. Only in samples from the caves of Velika
pec¢, Jopiceva $pilja and Sinic¢i¢a Spilja 10 ml of a 4% formalin solu-
tion was added in order to preserve shells of testate amoebae that
were present at the moment of sampling. This method was applied
because it was not possible to transport the samples on time (within
48 hours) to the laboratory.

Triplets of a volume of 0.2 ml (total 0.6 ml) were isolated from
every sample which consisted of a mixture of sediment / wood debris
/ mammalian excrement and water. Species were examined using Carl
Zeiss Primostar and Carl Zeiss Axiostar light microscopes at magni-
fications of 100, 400 and 1000 times, and an Olympus BX51 micro-
scope equipped with DIC and phase contrast optics and a Touptek
E3ISPM 20MP camera. Adobe Photoshop and ToupView© software
were used for image processing and measuring.

The presence of phototrophs (cyanobacteria and/or algae) and
metazoans in all researched volumes of the samples was also noted
and identified to the lowest possible taxonomic levels.

Descriptive statistical analysis was performed with Statistica
software and MS Office Excel only for samples from caves 1-18



(Tab. 1). The geographical map was made in Quantum GIS and it
included all prospected caves (Tab. 1).

For the determination of genera and species we used Mazei and
Tsyganov (2006), Meisterfeld (2000a, 2000b) and Patterson et al.
(2000) as a starting point. In cases of doubt, we used the original
descriptions.

RESULTS

Testate amoebae were detected in 84.6% of the sam-
ples. The total number of species per cave is shown in
Fig. 2. The richest biodiversity of testate amoebae was
recorded in Ponor Kovaci with twenty species.

During this study in 18 caves of the Dinaric arc, 23
species of testate amoebae were identified at the spe-
cies level (Tab. 2, Fig. 3). Based on their morphological
characteristics, four kind of specimens belong to cur-
rently undescribed species. All other specimens were
identified to the lowest possible category.

The most frequent species with percentage of sam-
ples in which they have been found are the following:
Trinema lineare (46.2%), Cryptodifflugia oviformis
(32.7%), Centropyxis bipilata sp. nov. (25.0%), Cy-
phoderia ampulla (15.4%), Centropyxis aerophila,
Euglypha cf. rotunda and Trinema enchelis (all three
13.46%) and Plagiopyxis declivis (11.5%). Other spe-
cies appeared in less than 10% of the samples.

The relation between the numbers of species of dif-
ferent groups of protozoa in the samples from the re-
searched microhabitats is shown in Fig. 4 (excluding
samples that were fixed with formalin). These data
show that testate amoebae are a dominant group within
the protozoa assemblages in the researched samples, al-
though they were not always detected.

Most of the specimens found during this research
were only detected as empty tests, but live individu-
als were also found. For some specimens it was not
possible to determine whether they were alive or just
empty tests because of the specific opacity of the test
due to the presence of opaque mineral particles.

Division in Trinema spp., Cryptodifflugia oviformis,
Paraquadrula irregularis, Cyphoderia ampulla and
Euglypha spp. was observed several times. Cysts with-
in the shells of Paraquadrula, Euglypha and Heleopera
were also noted.

In 24.4 % of the samples (excluding those from the
Jama Baredine show cave and samples in the formalin
solution) phototrophic organisms such as algae (mostly
diatoms) and/or cyanobacteria have been found. The
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presence of microphototrophs was not detected in all
samples from the same cave, but varied on the hydro-
logical conditions before the sampling and specific
microhabitat in the cave. Microphototrophs were pre-
sent in the caves that were exposed to occasional flood-
ing mostly during the winter months (Ponor Kovaci,
Bilobrkova S$pilja, Tounjica cave system, Velika
Bukovacka, Strazanj) and in a cave that was not ex-
posed to flooding (Velika pe¢). Microphototrophs were
also detected in one out of three samples from the Jama
Baredine show cave.

Meiofauna (Nematoda, Gastrotricha, Rotifera, Oli-
gochaeta, Hydracarina) and insect larvae have also
been found in 31.8% of the samples.

Taxonomic actions

Centropyxis bipilata sp. nov. (Fig. 5)

urn:lsid:zoobank.org:act:BFDF2F53-30E3-4450-
B88B-FSEBB7DB85D5

Description: In dorsal view, the test is rounded and
usually slightly wider than long; in lateral view, the
height of the test is more or less half (0.4-0.6) of the di-
ameter of the test. The dorsal part gradually lowers to-
wards the anterior side, the ventral surface is flattened.
The test is built of granular organic cement, yellowish
to brown, more or less embedded with small mineral
particles. Some tests lack these xenosomes, others are
more densely covered. The test never bears spines. The
aperture is eccentric, invaginated and ovoid, elliptical
or circular. The distance from the centre of the aperture
to the anterior edge is approximately 0.4 (0.37-0.46)
of the test length. The edge of the pseudostome curves
inward, creating a small but clear ring that is usually
slightly darker than the rest of the test. The anterior part
of the edge is higher and always connected to the in-
ner anterior-dorsal wall by two struts. Between those
struts there is a more or less U-shaped opening, the size
of which is variable per specimen, usually large, but
sometimes smaller (Fig. 5). Lobopodia as common for
this genus. Nucleus not observed.

Dimensions: Length of the test 52—-81 um (——i_ 61.7 um);
width 55-75 pm (£ 63.0 pm); height 28-43 um; di-
ameter of the pseudostome 12-22 x 11-25 um (£ 17.2
x 17.8 um) (n = 29).

Ecology: Centropyxis bipilata sp. nov. inhabits sedi-
ments in aquatic and terrestrial habitats and transitional
habitats in freshwater karst caves in Croatia and Bos-
nia and Herzegovina. It is common in habitat whose
energy input is dependent on the seeping water from
the surface, on exogenous flooding and on the habitats
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Table 2. Biodiversity of testate amoebae in all sampled caves

Species Caves where species was observed
Arcella sp. STR

Assulina muscorum Greeff, 1888 LIS, TAM

Centropyxis aerophila Deflandre, 1929 DAH, JOP, KOV, LIS, LTV STR, TAM
Centropyxis constricta (Ehrenberg, 1841) Penard, 1890. SIN, TAM

Centropyxis elongata (Penard, 1890) Thomas, 1959 BAR, KOV, TOP

Centropyxis plagiostoma Bonnet & Thomas, 1955 TAM, VEP

Centropyxis bipilata sp. nov.

Centropyxis spp.

cf. Conicocassis sp.

Cryptodifflugia oviformis Penard, 1902
Cyclopyxis eurystoma Deflandre, 1929
Cyclopyxis spp.

Cyphoderia ampulla Ehrenberg, 1840

Difflugia cf. brevicolla Cash & Hopkinson, 1909
Difflugia lithophila Penard, 1902

Difflugia oblonga Ehrenberg, 1838

Difflugia pristis Penard, 1902

Difflugia pyriformis Perty, 1849

Difflugia spp.

Diplochlamys sp.

Euglypha bryophila Brown, 1911

Euglypha cf. laevis (Ehrenberg, 1832) Perty, 1849*
Euglypha cf. rotunda Wailes, 1915%*

Euglypha sp.

Frenzelina sp. Penard, 1902

Heleopera petricola Leidy, 1879

Heleopera sp.

Lacogromia sp.

Meisterfeldia cf. vanhoornei (Beyens et Chardez, 1986) Brobov, 2016
Microchlamys patella (Claparéde et Lachmann, 1859) Cockerell, 1911
Paramphitrema sp.**

Paraquadrula irregularis Wallich, 1863
Parmulina cyathus Penard, 1902

Plagiopyxis declivis Bonnet, 1955

Plagiopyxis sp.

Pseudodifflugia sp.

Tracheleuglypha dentata Deflandre, 1928
Trinema complanatum Penard, 1890

Trinema enchelys Ehrenberg, 1838

Trinema lineare Penard, 1890

Testacea spp.**

BIL, DAH, CRV, CAK, HOR, HUK, KOT, KOV, LIS, LTV, MLJ, PRA, ROG,

TAM, TNJ, TOP, VEP, VET
DAH, LIS, SUV

BUK, LIS

BIL, DAH, JOP, KOV, LTV, STR, SUV, TAM, TNJ, TOP, VEP
BAR, KOV, TAM, TOP

BAR, DAH, KOV, LIS, SIN, STR

BAR, BUK, DAH, JOP, KOV, LTV

KOV

KOV

BAR, KOV

TAM

BAR, KOV, VEP

BUK, JOP, KOV, VEP

KOV

BUK, KOV

DAH, TAM

BUK , DAH, JOP, KOV, SUV, TNJ, TOP

BAR, TAM, TNJ, VEP

TOP

VEP

Jop

KOV

TOP

KOV, LTV, STR, VEP

DAH

JOP, LTV

VEP

JOP, KOV, STR, VEP

TAM

TOP, VEP

DAH, TNJ, TOP

BAR, SUV

BAR, KOV, SUV, TAM, TNJ, TOP, VEP

BAR, BIB, BUK, DAH, DOB, KOV, SIN, STR, SUV, TAM, TOP, VEP
BAR, DAH, JOP, LIS, TNJ, SIN, TAM, TOP, VEP

*Species identification can only be confirmed by using SEM.
**(Generic) identification can only be confirmed by living specimens.
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Fig. 2. Total number of detected testate amoebae per cave

Fig. 3. Examples of species found during this research (A. Centropyxis elongata; B. Lacogromia sp.; C. Cyclopyxis sp.; D-E. Paramphit-
rema sp.; F. Diplochlamys sp.; G—H. cf. Conicocassis sp.; Scale bars B 100 pum, all other 20 pm)
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Fig. 5. Centropyxis bipilata sp. nov. A—C. Ventral view, arrows point to the position of the struts; D, F. Frontal view, showing the two struts
connected to the dorsal part; E. Side view, showing one strut. A, C—E stacked images. Scale bars: 20 pm.

that where additionally enriched with bats guano. All
habitats, where this species was found, are out of the
reach of the sunlight during the whole year. The record-
ed temperature on habitats of this species ranges from
18°C (e.g. Topla pec) to 4.1°C (e.g. Veternica cave).

Etymology: bi [from Latin bis] = two; pilata [from
Latin pila] = pillar; bipilata refers to the two struts in-
side the shell.

Type locality: Topla pe¢, Golubi¢ Zegarski, Croatia

Topla pe¢ is a karst cave formed within a canyon of
the river Krupa near the settlement of Golubi¢ Zegarski
(Croatia). It is a cave of simple morphology. The entrance
is 4 m high and 4 m wide and exposed to sunlight from
the south. The total length of the cave is 46 m. The en-
trance channel is 13 m long and 6 m high, then narrows
to dimensions of 1 x 2 m and gives access to a main hall
with dimensions of 12 x 12m. The cave has a relatively
small number of speleothems (Rnjak 2014).

Type specimens: Holotype and paratypes were
mounted in HYDRO-Matrix© on glass slides and de-
posited in the Croatian Biospeleological Society Col-
lection under the accession number TAM1 (holotype),
TAM?2 and TAM3 (paratypes).

Differential diagnosis: Centropyxis bipilata sp.
nov. resembles Centropyxis laevigata in general view.
However, in C. laevigata the inner and the anterior
wall of the shell are connected by a broad flange cov-
ered with thick amorphous scales and the test is larger
(70-150 pm (Penard, 1902). Schonborn et al. (1983)
described a similar species from different locations in
Germany as C. laevigata, but their species always had
three struts. C. bipilata differs from Centropyxis malvin-
ensis that has the same size and apertural border but
two lateral flanges in the middle part (Vucetich, 1975).
It can also be distinguished from Centropyxis obscu-
rus that doesn’t have a clear rim around the aperture nor
any struts (Chardez, 1990). It differs from Centropyxis
delicatula that is smaller, has a variable number of 3-5
struts and no pronounced apertural rim (Penard, 1902).

Biogeography: The Dinaric karst area (Mihevc et
al., 2010) and isolated mountain karst area in the north-
ern part of Croatia (Lackovi¢ et al., 2011).

Centropyxis bipilata sp. nov. has not been detected
in the surface habitats close to the researched caves
(data not shown within this research), even though sur-
face habitats have not been systematically studied yet.
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DISCUSSION

Taxonomy

We could not identify each specimen at the species
level. If in doubt, we chose to label specimens as cf.
or only at a higher (generic) level. The problem is that
traditional taxonomy is primarily based on the mor-
phology of empty tests. However, some tests can only
be identified with certainty if pseudopodia have been
observed (Meisterfeld 2000a,b; Lara et al. 2007; Mazei
and Tsyganov 2006). Correct identification is also ham-
pered by the fact that tests of some Difflugia species are
very similar to those of some Pseudodifflugia species.
The same applies to tests of Phryganella and Cyclopyx-
is species. This makes it difficult to make reliable lists
of species and to compare them with the results of other
researchers (Kosakyan et al. 2016).

Concerning Centropyxis bipilata sp. nov., the three
most important morphological features (shell size, the
presence of two struts and the (dark) ring around the
aperture) that distinguish this species from all described
species with a more or less similar phenotype (see Dif-
ferential diagnosis) seem very clear. However, we do
not know how stable these characters are, in other
words: how large the natural variation of shell forma-
tion is within this new species. Mayr (1969) wrote that
the underestimation of individual variation may have
caused more than 50% of all synonyms. Variation in
shell morphology can be caused by environmental in-
fluences. For example, Heal (1963) found that the size
of Nebela species increased when wet Sphagnum was
experimentally flooded and Booth et al. (2010) dem-
onstrated that the number of pores in Hyalosphenia
papillio depends upon the water-table depth. Wanner
(1994) showed in his experiments that temperature and
food influenced the size of the shell of Cyclopyxis kah-
li. However, in all observed specimens of C. bipilata
sp. nov., in populations from different caves, the three
aforementioned characters were very constant. To illus-
trate, there were always two struts present, in contrast
to C. delicatula which has a variable number of struts
(Penard, 1902).

These constant morphological characteristics could
be a consequence of constant conditions in the caves
investigated.

The only constant environmental factor at all loca-
tions where Centropyxis bipilata sp. nov. was found is
the absence of light. The absence of light has triggered
several evolutionary adaptations of cave animals such

as loss of eyes and pigments in many species (Culver
and Pipan 2009), but these adaptations have evolved
in combination with spatial isolation from the sur-
face and other biotic and abiotic factors. On the other
hand, intensive surface-subsurface connectivity in karst
most likely prevents isolation of subterranean popula-
tions of microorganisms in opposition to troglobionts
whose ancestors have become extinct from the surface
habitats. Many species of soil testate amoebae are liv-
ing in low-light environments, but they have also been
observed in the lighted habitats. The aforementioned
spatial variability in caves where Centropyxis bipila-
ta sp. nov. was found implies that some variability in
cave environmental conditions is most surely present
(with the exception of the absence of light). Consider-
ing the distance between caves where C. bipilata sp.
nov. was found, and also the variability between the en-
vironmental conditions, it seems that the morphological
characteristics of this species are quite uniform, and not
a consequence of isolated conditions at a single loca-
tion that could trigger a deviation from the phenotype
of the already described species.

Even though the currently observed morphological
characteristics of Centropyxis bipilata sp. nov. clearly
distinguish this species from all the described species,
the full extent of its morphological variability should be
investigated in the future.

Biogeography

Among the twenty-three species identified during
this research, twelve have not been recorded in karst
caves so far according to the check list provided by
Mazei et al. (2012). A finding of new but already de-
scribed species is not surprising since karst subterra-
nean habitats have been investigated very poorly and
unsystematically. Also, the South-Eastern region of Eu-
rope is poorly investigated. Similar results were shown
in research of ciliates in karst caves in Italy, where over
100 species were recorded and half of which were new
to the Italian microfauna checklist (Coppellotti Krupa
and Guidolin 2003).

Many specimens that have not been identified at the
species level imply the possibility that at least some of
them may belong to rare species or forms, but also to
a new species that should be confirmed by future re-
search. During this research, four species were detected
that belong to currently undescribed species. An inter-
esting finding was Centropyxis bipilata sp. nov. that
was recorded in several caves in the Dinaric arc, but
also in one cave from isolated karst areas on Mt. Med-
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Table 3. Biometric characterization of Centropyxis bipilata sp. nov. based on 29 specimens from three different caves. All measurements

are in microns.

Sampling location Test Aperture
Length Width Height Length Width

Tamnica 52.2-81.0 58.8-74.8 28.0-42.7 12.6-19.9 11.1-20.1
Average: 61.7 66.2 (n=13) 357 m=7) 17.7 (n=13) 17.8

Topla pec¢ 53.1-66.6 55.0-66.5 27.5-33.5 13.7-21.8 13.7-22.5
Average: 59.4 59.5(n=12) 30.1 (n=3) 17.6 (n=12) 19.0
Tounj¢ica 54.6-72.1 56.5-68.5 35.7 16.0-20.9 18.7-24.6
Average: 62.2 63.1 (n=4) 357(m=1) 19.5 213 (n=4)

vednica in the northern part of Croatia (Fig. 1). This
data implies a much wider distribution of this species
in this region. Another interesting finding was an un-
known Lacogromia species, a freshwater foraminifer
and the first record from a cave. Until now, freshwater
foraminifera have only been known from deep lakes
and shallow stagnant oligo- and mesotrophic water
types with a layer of organic debris (Siemensma et al.
2017). The presence of a number of empty tests of
a Paramphitrema species was also an interesting result.
However, the absence of any information about nucleus
and type of pseudopodia made it impossible to describe
it as a new species.

Individuals not identified to the species level were
also encountered by other authors (Decloitre 1955; Git-
tleson and Hoover 1969, Mazei et al. 2012), but these
findings were not interpreted as significant. Some new
species and forms of protozoa were also described from
subterranean karst habitats (Chibisova 1967, Decloitre
1955, Delhez and Chardez 1970, Matjasi¢ 1962, Vandel
1965, Walochnik and Mulec 2009). Some of them have
later been found outside of caves which is the case with
Allovahlkampfia spelaea (Tolba et al. 2016, Walochnik
and Mulec 2009).

The presence of species only found in caves, but not
in the surface habitats of the researched region, is dis-
cussed in a paper from Italy and the Volga region (Mazei
et al. 2012). This can contribute to our understanding
of problems with the testate amoebae biogeography
(Foissner 2007) as the caves represent an extra niche
for these species. The results of our research and the
conclusions of other research (Golemansky and Bon-
net 1994, Mazei et al. 2012) indicate that connectivity
in the karst, characterized by rapid drainage of under-
ground water, is causing constant input of surface com-
munities into caves. It means that a possible precondi-

tion for speciation in caves — spatial isolation (Riesch
et al. 2011) is not fulfilled. On the other hand, findings
of Centropyxis bipilata sp. nov., imply that we need to
further investigate whether this species is a true cave-
dweller or typical for this geographical region (both in
surface and subsurface habitats). This species was also
found in 25.0% of the collected samples in this research,
and it is surprising that it was not found by any other
researcher. The described morphology of C. bipilata sp.
nov. would be easily noticed, especially by skilled pro-
tozoologists who very carefully studied morphometric
data of individuals from caves such as Decloitre (1955)
and Chibisova (1967) but also by newer data that also
included SEM imaging (Mazei et al. 2012).

The dominance of already described and mostly
eurybiont species of testate amoebae found by other
researchers (Gittleson and Hoover 1970, 1969; Gole-
mansky and Bonnet 1994; Vandel 1965) together with
emphasizing the easy transfer from the surface habi-
tats was the most frequently accentuated conclusion.
For this reason, the current results have not triggered
further research. Expressing the fact that the diversity
of testate amoebae is determined by the surface habi-
tats and that individuals are transferred into caves from
the surface, could easily be interpreted that there are
no communities living in caves and shaping their food
networks. But what is then supporting the communities
of cave organisms?

True cave animals (vertebrates and invertebrates)
exhibit a remarkable physiological, morphological and
behavioural adaptation to their environment (Culver and
Pipan 2009, Pricop and Mihai 2009, Romero Jr 2009).
With other abiotic factors that triggered the evolution
of cave animals (such as absence of light, stable tem-
perature and humidity, spatial isolation, etc.) the avail-
ability, composition and variation of their food sources
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should be determined as equally important. It should
not be forgotten that, due to the absence of primary pho-
totrophic production in caves, surface habitats are the
main importers of organic material into these ecosys-
tems (Simon et al. 2007) with the exception of chemo-
autotrophic subterranean ecosystems not discussed here
(Engel 2010). Microorganisms (including protozoa) are
the first consumers of this organic material, but they
also serve as a food source for other organisms. Data
gathered during this research show the presence and
variation of the biodiversity of protozoa in various hab-
itats (Fig. 4). As all the researched samples were exam-
ined within 48 hours, it is positively certain that these
organisms are integral members of subterranean food
networks. Testate amoebae show quite rich biodiversity
compared to other groups of detected organisms. This
could be partially attributed to the resistance of their
tests that can be detected even if the organism has died.
It also implies that the temporal biodiversity of other
groups of protozoa in caves (ciliates, naked amoebae,
heliozoans) could also be much richer. A summary of
the testate amoebae biodiversity per cave (Fig. 2) shows
relatively rich biodiversity of some locations such as
Ponor Kovaci. If we consider that these are results based
on a small number of samples and a small number of
researched habitats, the biodiversity of testate amoebae
could be much richer. When discussing findings of tes-
tate amoebae in this research, it is important to respect
the fact that testate amoebae, compared to other groups
of protozoa in karst caves, have additional features that
can be used to interpret the results — very resistant tests
that could give us ‘echo data’ about potential variations
of their biodiversity and abundance in these habitats.
For this reason, the results on the biodiversity of testate
amoebae compared to other groups of protozoa (Fig. 4)
should be interpreted with caution.

There are several arguments in favour of the fact that
the populations of testate amoebae in the subterranean
habitats of the Dinaric arc, presented in this research,
are at least partially independent of the above-ground
populations: the size of the individuals compared to
the surface species composition, indicative presence
of microphototrophs and individuals in the process of
division.

Among the recorded testate amoebae in this re-
search, smaller and medium sized species are dominant
(Tab. 2) referring to literature data. On the other hand,
surface communities of testate amoebae (not shown
in this research) in drainage regions of the researched
caves of the Dinaric karst include varieties of habitats

that are inhabited with typical larger species of Nebe-
lidae, Hyalospheniidae, Difflugiidae, Euglyphidae,
Centropyxiidae etc. that were not found during this
research.

Physical sedimentation of testate amoebae is possi-
ble starting from the surface soil layers where, due to
the small spaces between the soil particles, it is most
intensive. Also, it should not be ignored that the distri-
bution of testate amoebae in soil is specific, depending
on the depth and other factors (Vincke et al. 2006). The
epikarst is the upper layer of bedrock with an extensive
net of cracks formed by the combination of microtec-
tonics and intensive dissolution processes in carbonate
rocks and it is partially filled with sediment in the upper
layers (Klimchouk 1995, Williams 2008). In the epikarst
water is traveling through a series of small fissures that
can allow much faster transport of individuals by water
due to a smaller amount of sediment or his complete ab-
sence. After the epikarst, the transport of water in bed-
rock is going through a smaller number of wider chan-
nels formed in the bedrock. The relationship between
soil layer, epikarst and bedrock structure can vary sig-
nificantly in carbonate rocks (Bakalowicz 1975, Klim-
chouk 1995). Having such a long path from the surface
to the cave that includes soil and bedrock can definitely
decrease the possibility of direct transport of individu-
als from the surface, but this percentage can vary from
cave to cave depending on the above-mentioned condi-
tions. Gittleson and Hoover (1969) also discussed this
issue by stating that the small size of protozoa found
in caves is the consequence of their filtration through
the crevasses of the sandstone and limestone. They have
attributed the findings of larger species only to the situ-
ations in which the filtration was not involved or was
involved to a lesser extent. At that time, very little data
was known about the communities living in the epikarst,
so these were not included in the discussions.

The epikarst harbours exceptionally rich aquatic
fauna. The most studied group is the Copepoda with nu-
merous troglobiotic species that very often have a high-
ly endemic distribution (Pipan 2005, Pipan and Culver
2007). So the testate amoebae that were gravitationally
pulled into the epikarst layer by rain water are imported
into an environment inhabited with organisms that will
feed on them. Testate amoebae will also feed on avail-
able food in the epikarst such as bacteria (Pipan et al.
2004). The differences between the cave and above-
ground populations noticed in our research (prevalence
of' small and medium sized species; variable presence of
phototrophic organisms) could also be a consequence



of biotransformation of the communities in the epikarst
zones. It is known that predation pressure can modify
the morphometric characteristics within the popula-
tion of protozoa (Kotaczyk and Wiackowski 1997) and
change the composition of the species. For example,
the absence of larger species (such as Nebelidae) can
be a consequence of a lower presence of phototrophic
organisms that are an important part of their diet.

This biotransformation is especially important for
protozoa, because they are not strictly limited to photic
habitats. In the case of mixotrophs, there is a noted case
of findings of individuals that shifted fully to a hetero-
trophic diet such as Euglena viridis (Gittleson and Hoo-
ver 1969, Vandel 1965), so their transformation (losing
chromoplasts) is obvious. On the other hand, photo-
trophic organisms, even if they survive some time, are
destined to extinction in an aphotic environment.

The fact that the transfer of protozoa-sized organ-
isms from the surface to the karst aquifer is possible
is shown by the experiment carried out by Harvey et
al. (2008) on the example of Cryptosporidium parvum,
so this is not debatable. An addition indicator that di-
rect transport from the surface to the cave is possible,
shown in this research, is the presence of microphoto-
trophs in 24.4% of the collected samples. Phototrophic
organisms, during this study, were mostly found in hab-
itats that were exposed to occasional flooding by ex-
ogenous and endogenous waters. Occasional flooding
implies fast inflow of surface water into the cave (Bo-
nacci 1987, White 1988), so it is possible that turbulent
waterflow through large channels could, together with
microphototrophic organisms, import testate amoebae
into caves as well.

One out of three samples from the show cave Jama
Baredine illuminated from spring to autumn contained
microphototrophs. The presence of phototrophs in this
cave could be attributed to ‘lampenflora’ or ‘la maladie
verte’ (White and Culver 2012).

The presence of microphototrophs in caves (ex-
cluding lampenflora) was mentioned by some authors
(Falasco et al. 2014, Gittleson and Hoover 1969, Gole-
mansky and Bonnet 1994), but almost nothing is known
about their ecology in the context of subterranean habi-
tats with the exception of lampenflora primar produc-
ers (Mulec 2018, Mulec et al. 2008) and phototrophic
communities in cave entrances (Martinez and Asencio
2010, Popovi¢ et al. 2015).

Considering the resistance of diatomaceous tests
(made of silica) and the well-known ability of many
phototrophs to survive periods of time in the absence
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of light on a heterotrophic diet (Lee 2008), it is unu-
sual that they are not found more often in caves. Photo-
trophic organisms were not found in all samples from
individual caves (e.g. Ponor Kovacéi and TounjcCica)
implying that their presence is spatially and temporal-
ly variable. This can be explained if we consider the
small volumes of investigated samples in this research
methodology (only 0.6 ml of samples was examined)
so it cannot be excluded that they could be present, but
in smaller densities which may explain that they were
found in only 24.4 % of the samples. This topic is es-
pecially important if we want to discuss the ecological
importance of the composition and availability of food
for the subterranean fauna.

During this study, very often specimens were en-
countered that were in the process of binary division
indicating the active reproduction of these individuals
in caves. This means that newcomers — testate amoebae
that have been flushed into the caves — are coming to
a habitat that has already been inhabited by other or-
ganisms. The interesting question to be answered in the
future is: how are these events, that bring newcomers
into the caves, influencing the already established tes-
tate amoeba populations in the caves?

CONCLUSION

This research showed that caves in the Dinaric arc
are mostly inhabited by previously described and com-
mon species that are in accordance with the findings of
other researchers. Nevertheless, the detection of previ-
ously described species that have not yet been found in
caves indicates that the regional biodiversity in caves
could be more diverse than previously thought.

Findings of Centropyxis bipilata sp. nov., together
with other candidates for new species and some rare
species, imply that further cave research can provide us
with valuable data on the biodiversity of testate amoe-
bae. Even though caves have been recognized as habi-
tats of many animal species that are only distributed in
caves, we don’t have enough arguments to claim that
C. bipilata sp. nov. is an obligate cave dweller. This
topic could only be resolved through intensive compar-
ative research of the cave and surface communities of
testate amoebae.

Testate amoebae are almost constant members of
subterranean protozoa assemblages at all researched
habitats, and their biodiversity often exceeds other
groups of protozoa. This can be attributed to findings of
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empty tests as we cannot be sure that living individuals
are actually present in the researched habitats. The dif-
ferences in biodiversity between caves can be explained
by variable sampling efforts, habitat diversity and hy-
drological conditions during sampling.

Findings of algae and/or cyanobacteria in some cave
habitats have been recognized as very useful indicator
of connectivity between surface and cave habitats. The
data on the spatial and temporal presence of micropho-
totrophic organisms in caves can help us better under-
stand the significance of impact of surface communities
on the already established cave communities of testate
amoebae. The full potential of microphototrophs as in-
dicators of connectivity should be investigated by fu-
ture research.

This research covered a relatively large area, but it
was performed on a small number of samples and only
included general alpha diversity. Nevertheless, it was
revealed that studying protozoa in caves could bring
new knowledge about the biology of testate amoebae.
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