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Abstract

Purpose In aquatic ecosystems, protists play a crucial role and cover numerous ecological functions. The karstic Krka
River (Croatia) is a unigue hotspot for high diversity of aquatic organisms, especially protists. The main objective of
the present study was to obtain a detailed overview of the protist community structure in the periphyton of the Krka
River and to determine the differences in protist diversity along the river.

Methods Protist diversity was detected by amplicon sequencing of the hypervariable region V9 of the 185 rRNA
gene, using the universal eukaryotic primer pair.

Results The three main groups of protists were as follows: Ciliophora, Cercozoa, and Bacillariophyta. In terms of
abundance of protist OTUs, the shade plot revealed an evident difference from the upstream to downstream river sec-
tion, which increased between locations from Krka spring to Skradinski buk. Diversity was explored using measures

of alpha and beta diversity. Alpha diversity showed an increasing trend in the downstream direction of the river. The
location effect, or clustering/grouping of samples by location, was confirmed by the PERMANOVA permutation test of
beta diversity.

Conclusion The combination of alpha and beta diversity can help provide deeper insight into the study of diversity
patterns, but also point out to decline in species diversity and allow for effective ways to protect aquatic karst habitats
in future management.

Keywords Diatoms, Protozoa, Periphyton, Karstic river, Molecular approach

Introduction preserve it in the face of environmental change, there is

Biodiversity is a key indicator of ecosystem health
and thus the central goal of most conservation efforts
(Niesenbaum 2019; Watermeyer et al. 2021). As it
is important to understand biodiversity and how to
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one significantly overlooked category of organisms, pro-
tists (Gran-Stadniczefiko et al. 2019; Metz et al. 2022).
Protists serve numerous functions in aquatic ecosystems,
yet they receive less attention than other aquatic organ-
isms (e.g., macroinvertebrates) and their biodiversity is
still poorly investigated (Gran-Stadniczeiiko et al. 2019).
They play crucial ecological roles as primary producers,
predators, decomposers, and parasites, which has led to
great efforts in quantifying specific species and inferring
their ecological functions (Massana et al. 2015). Protists
can be phototrophic, heterotrophic, mixotrophic, or
osmotrophic where they are referred to as microalgae
and “protozoans” (Selosse et al. 2017). Microalgae con-
tribute substantially to carbon flux through the microbial
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loop (Metz et al. 2022) and are the main supply of pho-
tosynthetic products on which the higher trophic lev-
els of the food web depend upon. On the other hand,
being the major grazers of bacteria, protozoans increase
mineralization and availability of nutrients to primary
producers (Koller et al. 2013). In general, protists are
morphologically and genetically diverse and are common
in the periphyton, where their microbial interactions are
of great importance for the primary production, nutrient
cycling, and food web structure (Metz et al. 2022). The
increasing application of molecular methods in aquatic
environments and their steady advances provide new
perspectives on the protist community and allow for bet-
ter understanding of the specific role of freshwater peri-
phyton (West et al. 2018; Burki et al. 2021).

One of the main constructs in freshwater ecology is
water flow—the River Continuum Concept, to under-
stand changes in river ecology along the longitudinal gra-
dient and show how different aspects change community
composition from upstream to downstream parts of the
river (Porter and Patton 2016; Bock et al. 2020; Engl-
maier et al. 2020). Studies on longitudinal gradient (Chen
et al. 2018; Bock et al. 2020; Englmaier et al. 2020) have
improved the understanding of lotic ecosystems, includ-
ing numerous aspects such as energy flow, distribution,
abundance, and diversity of stream and river organisms.
The seasonal variations in water level also directly affect
the community composition structure along the longitu-
dinal gradient due to changes in water features, habitat
structure and availability, and food resources (Porter and
Patton 2016). Nevertheless, differentiation in commu-
nity composition of many biota, as well as their habitat
preferences, functional traits, and distribution patterns
are often still poorly understood (Englmaier et al. 2020).
Most conceptual studies on river zonation have
addressed fish communities where fish community struc-
ture has changed along the longitudinal profile (Song
et al. 2019; Sutela et al. 2020; Englmaier et al. 2020), while
studies on the longitudinal dynamics of periphyton have
revealed changes in their taxonomic structure and com-
munity composition (Rusanov and Khromov 2016). Typi-
cally, periphyton communities in river ecosystems show
transition between habitats along the longitudinal gradi-
ent from upstream to downstream (Jéger and Borchardt
2018), where longitudinal variation can be described
using integral features of community composition, such
as species richness and diversity (Rusanov and Khromov
2016). However, studies on rivers are usually focused on
small scales, such as specific sections or locations (Jéger
and Borchardt 2018).

Karst rivers in the Mediterranean region represent
unique diversity hotspots of various aquatic organisms,
especially protists (Tierno de Figueroa et al. 2013; Lai
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et al. 2019; Gligora Udovi¢ et al. 2022). The pronounced
process of karstification has led to distinctive climatic and
environmental conditions that have resulted in habitat
heterogeneity in these areas (Vilenica et al. 2018). Their
geographic and hydrological uniqueness, habitat hetero-
geneity, high biodiversity, and conservation requirements
should be a priority for the sustainable management of
this sensitive region (Darwall et al. 2014). In this study,
attention is focused on the Krka River, located in the
Dinaric karst ecoregion in Croatia. This river has an
extremely complex hydrological network (Bonacci et al.
2006, 2013) and is famous for its tufa barriers with a high
diversity of freshwater taxa, such as algal species (Gligora
Udovic et al. 2022, 2023), insects (Ivkovi¢ and Pont 2015,
2016), or protozoa (Primc-Habdija and Matonickin 2005).
The main objective of the present study was to obtain a
detailed overview of the protist diversity in periphyton
along the Krka River and to determine the potential dif-
ferences between upstream and downstream sections of
the river by using amplicon sequencing of hypervariable
region V9 of the 18S rRNA gene.

Materials and methods

Study area

The Krka River is a 73 km long river situated in the
Dinaric region of Dalmatia, Croatia (Cukrov et al. 2008).
Along its watercourse, the Krka River is characterized
by tufa barriers, a unique form of deposited tufa result-
ing from the physical and chemical properties of water
and biota (Primc-Habdija and Matonickin 2005; Gulin
et al. 2021, 2022). The Krka River springs in the vicinity of
Dinara Mountain and flows through the Knin karst polje,
creating a series of valleys and canyon formations until
reaching the Adriatic Sea near the city of Sibenik (Per-
ica et al. 2017). Along the Krka River, there are 7 larger
tufa barriers with alternating lotic and lentic microhabi-
tats with very high and diverse biota. Some parts of the
Krka River have been placed under protection due to
their special geomorphological, hydrological, and land-
scape values. In 1985, the Krka River and its catchment
area were granted the status of a National Park (Official
gazette 1985, 2019). The four sampling locations were
chosen, as described in detail in Kula$ et al. (2021). Due
to their heterogeneity, the locations Krka spring, Roski
slap, and Skradinski buk were sampled at two representa-
tive microhabitats (Fig. 1).

Sampling procedure

Sampling was performed between 21 and 23 Septem-
ber 2017 and included taking three individual samples
10 m apart at each sampling location and selecting each
successive habitat upstream of the previously sampled
location. At sites where longitudinal sampling was not



Kulas et al. Annals of Microbiology (2023) 73:10 Page 3 of 13

N = ¥ 'f::.}
A 7 ;_h
i e
Gulf of CF: / , o
& : < e
e } y
0 5 10 Se] %
I — T N 7 4
l Zrmanja rive;
',,vz";,/'/
S Z g //
o
S So—~@
‘p
&
\f;‘\\ Rogki slap I
%5 ‘e
\; S J'Roski slap I
o e\
© Sampling locations Skradinskicbuk “",.
—— Rivers ; i ~<\m\
|:|Topographicwatershed ki SEEEEE ks ‘ o : - 7
77~} Underground water inflow /’%%
/7] underground water outflow I[//// // ;
- - — National border 2 ////'/, - 2
10 0 10 20 L v
km

Fig. 1 Map of sampling locations situated at the Krka River, Croatia (author: lvan Martinic)

possible due to waterfalls, transverse sampling was con-
ducted. A sample was represented by randomly collecting
5 stones or tufa (composite sample) and scraping off the
substrate (periphyton) from both light- and dark-exposed
sides of tufa/stones at each sampling location. In total, 42
samples for DNA extraction were stored in Falcon tubes
(50 mL), placed on ice during transport to the laboratory,
and stored at —20 °C until further processing.

Molecular analysis and bioinformatic processing

DNA extraction, PCR reaction, and bioinformatic pro-
cessing were performed as previously described in Kula$
et al. (2021). Before the first step of DNA extraction, the
samples were centrifuged (4000 x G for 1 min) to remove
excess water. After the first step, DNA was extracted
using the DNeasy PowerSoil Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions. The
samples were prepared by adding C1 solution in the Pow-
erBead tubes. After preparation of samples, the next step
was cell lysis by adding C2 solution and incubating the

samples at 2—8°C. The next step was removal of inhibi-
tors with the C3 solution and again incubation at 2—8°C.
Then, DNA was bound with the C4 solution through the
MB spin columns. The last two steps were washing the
DNA with C5 solution and finally eluting the DNA with
60 pl of sterile DNA-Free PCR Grade Water instead of
the C6 solution. The quality of the extracted DNA was
measured using a spectrophotometer (BioSpec Nano,
Shimadzu, Kyoto, Japan). From the eDNA, the hyper-
variable V9 region of the SSU rRNA gene (ca. 130 bp)
was amplified using the universal eukaryotic primer
pair 1391F (5-GTACACACCGCCCGTC-3') and EukB
(5-TGATCCTTCTGCAGGTTCACCTAC-3; Amaral-
Zettler et al. 2009), according to the protocol of Stoeck
et al. (Stock et al. 2009; Stoeck et al. 2010). The usage of
V9 region offers a simple one-step-PCR amplicon library
preparation method (Thompson et al. 2017; Minerovic
et al. 2020), the ability to capture assemblages especially
of photosynthetic organisms (Bradley et al. 2016), a good
trade-off between database coverage and taxonomic



Kulas et al. Annals of Microbiology (2023) 73:10

resolution, and low sequencing costs (Tanabe et al. 2016).
After the PCR reaction sequencing, libraries were pre-
pared using the NEB Next® Ultra™ DNA Library Prep Kit
for Illumina (New England Biolabs, Ipswich, MA, USA).
Libraries were sequenced on an Illumina NextSeq plat-
form, generating 150-bp paired-end reads (SeqIT GmbH
& Co. KG, Kaiserslautern, Germany).

For demultiplexing (removing barcodes) in the 5’ to
3’ combination, Cutadapt v1.18 (Martin 2011) was used
for raw Ilumina reads. After the first step, demulti-
plexed reads were processed using the DeltaMP pipe-
line v0.3 (https://github.com/lentendu/DeltaMP). In the
final steps, sequences were grouped into Operational
Taxonomic Units (OTUs) using SWARM v2 (Mahé et al.
2015), and the global pairwise alignments of VSEARCH’s
were used for taxonomic assignment with the Pro-
tist Ribosomal Reference (PR2) database v.4.12.0 and a
threshold value of 80% identity (Guillou et al. 2013). A
consensus taxonomy with a 60% threshold was created
for OTUs with multiple best matches to different taxon-
omy in the database. OTUs assigned to the Streptophyta,
Metazoa, Fungi, unclassified Archaeplastida, unclassified
Eukaryota, and unclassified Opisthokonta were removed.
Protist OTUs were used for all downstream analysis.
Raw demultiplexed reads were deposited at the ENA’s
Sequence Read Archive and are publicly available under
the project number PRJEB39359.

Statistical analysis

All community analyses were conducted using the Primer
v7 software package (Clarke and Gorley 2015). The num-
bers of reads were transformed using the center-log ratio
(clr) transformation (Gloor et al. 2017). A number of
recorded taxonomically assigned OTUs (S), Margalef (d),
Shannon-Wiener (H’), and Simpson (1- Lambda’) indices
were calculated as measures of alpha diversity (Thukral
2017; Magurran 2021). A resemblance matrix based on
Bray-Curtis similarities was constructed from the trans-
formed (clr) protist data for the four locations. CLUSTER
analysis was used to group the locations according to pro-
tist groups adding CLUSTER on shade plot. Shade plot
was used to show relationships among clusters of sam-
ples and protist groups showing only the major groups
which contributed for at least 10% of protist OTUs abun-
dances as calculated by Primer?7. The Bray-Curtis (BC)
dissimilarity matrices were calculated on the transformed
data (clr) and used to measure beta diversity as the dis-
tance from individual samples between locations. PER-
MANOVA permutation test (beta diversity) was assigned
to test the significance of individual and combined
effects of location on changes in community composi-
tion analysed using non-metric multidimensional scaling
(NMDS). The ranking of the most common genera for
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each location within a major protist group was presented
in pie charts using Microsoft Office Excel 365 (Micro-
soft Corporation, USA). Average taxonomic distinct-
ness (A+) was determined for each location. The branch
lengths between taxonomic rank () were weighted using
the taxa richness information gained from the full taxa
inventory. Higher branch lengths were assigned to suc-
cessive taxonomic ranks according to differences in taxa
richness, with branch lengths of zero assigned to taxo-
nomic groups with the same taxa richness. Each loca-
tion’s taxa list was compared to the full taxa inventory for
the study, and the resulting A+ values were plotted using
a funnel plot under the null hypothesis that communities
are a random selection from the regional taxa pool, but
with probabilities adjusted to account for commonness/
rarity (Jones et al. 2011).

Results

Diversity of taxonomically assigned protist groups

A total of 42 samples were sequenced, but in three sam-
ples, the DNA sequencing reaction failed due to poor
quality of the extracted DNA. In the remaining 39 sam-
ples, approximately 5,413,607 reads were obtained
within 11,295 OTUs for protists (Table S1; Kulas et al.
2021). The three main groups of protists were taxonomi-
cally assigned as follows: Ciliophora clustered into 3724
OTUs, Cercozoa clustered into 1806 OTUs, and Bacillar-
iophyta clustered into 1225 OTUs. Other groups within
protists were as follows: Discoba (846 OTUs), Lobosa
(579 OTUs), Dinoflagellata (468 OTUs), Pseudofungi
(337 OTUs), Chlorophyta (254 OTUs), Mesomycetozoa
(223 OTUs), Apicomplexa (216 OTUs), other Ochro-
phyta (191 OTUs), and other protists clustered into 1402
OTUs (Kula$ et al. 2021). The most abundant OTUs
within Ciliophora corresponded to genera Carchesium,
Holosticha and Stentor, while within Cercozoa were Bon-
amia, Capsellina, and Cercomonas. Within Strameno-
piles, the most abundant group was Bacillariophyta and
the most abundant OTUs corresponded to centric dia-
tom Aulacoseira, araphid pennate Tabularia, and raphid
pennate Sellaphora (Fig. 2). Within other recorded
groups, the most abundant OTUs corresponded to the
following genera: Neobodo (Discoba), Vannella and Ptole-
meba (Lobosa), Peridinium (Dinoflagellata), Pythium,
Phytophthora and Saproglenia (Pseudofungi), Sperma-
tozopsis and Chloroidium (Chlorophyta), Amphibiocyst-
idium, Anurofeca and Nuclearia (Mesomycetozoa), and
Monocystis (Apicomplexa).

The shade plot included only the major protist groups,
which contributed for at least 10% of the protist OTUs
abundances (Fig. 3). In terms of coverage, there was an
evident difference from the upstream to downstream
river section, which increased between locations from
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Fig. 2 The most abundant genera within three major groups at all sampled locations (the most abundant genera were calculated from the

abundance of taxonomically assigned OTUs per location)

Krka spring to Skradinski buk. At Skradinski buk the
most abundant taxa were the representatives of the
groups Cercozoa, Ciliophora, Ochrophyta, and Apicom-
plexa. Taxa from the groups Cercozoa and Ochrophyta
were abundant at all locations but demonstrated a down-
stream increase from Krka spring to Skradinski buk.
However, a clear separation between the samples from
the upstream to downstream river section was also evi-
dent in the remaining cluster, except for the two samples
from locations Marasovine and Roski slap.

Alpha and beta diversity of protist communities

along the Krka River

For each sampling location, the alpha diversity was
expressed by calculating the number of recorded taxo-
nomically assigned OTUs (S), and Margalef (d), Shan-
non-Wiener (H’), and Simpson (I- Lambda’) indices
(Table S2). All calculated indices showed an increasing
trend in alpha diversity from upstream to downstream
river section (Fig. 4). Maximum mean values of all indices

were recorded at Skradinski buk, while the minimum val-
ues were present at Krka spring. The number of recorded
taxonomically assigned OTUs and the Margalef index
had a very similar increasing trend, while the Shannon-
Wiener index demonstrated a linear increase from Krka
spring to Skradinski buk. In general, the Simpson index
was the lowest at Krka spring and the highest at Skradin-
ski buk. The differences between the alpha diversity indi-
ces were higher in the upstream locations (Krka spring
and Marasovine) than in the downstream (Roski slap and
Skradinski buk).

Non-metric multidimensional scaling analysis (NMDS)
based on Bray-Curtis dissimilarity showed a clear separa-
tion of sampling locations for all protist groups included,
which was also confirmed by the PERMANOVA test for
location effect (p = 0.001). A clear clustering on the ordi-
nation plot was observed, with the aggregation of samples
from the upstream river section and grouping of samples
from the downstream section closer together. Samples
collected at the upper side of the Roski slap barrier were
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Fig. 3 Shade plot showing relationships among clusters of samples and major protist groups which contributed for at least 10% of the protist OTUs

abundances

grouped with samples from the upstream part of the
river, while samples collected at the lower side of barrier
were grouped with samples from the downstream part
of the river. Categorical factors in the NMDS ordination
plot were also applied as the drawn trajectories, specify-
ing all groups in the same order by the selected factors.
The first factor specifies the order of sampling locations
divided by river section parts and the second factor was
the location name, allowing the river section progression
to be tracked more clearly on the ordination (Fig. 5).

Average taxonomic distinctness AvTD (A+)

According to the number of taxonomically assigned
OTUs and taxonomic distinctness, there was a gradient
of recorded OTUs and taxonomic distinctness across all
four locations (Fig. 6). Krka spring had a total of 2658
recorded OTUs, Marasovine had a total of 2897 OTUs,
Roski slap contained 8276 OTUs, and Skradinski buk
9511 OTUs. It was clearly shown that the number of
total recorded OTUs increased from the upstream to the
downstream river section. In contrast to the increase in
the number of recorded OTUs, the taxonomic distinct-
ness decreased from the upstream to the downstream
river section. The first two locations of the upstream sec-
tion (Krka spring and Marasovine) had frequency-based
values of A+ above the mean (around 90%) including
samples from the upper part of Roski slap. The values
of the downstream samples of Roski slap were equal or

above the mean value of A+, while Skradinski buk had
the lowest taxonomic distinctness (below 90%).

Discussion

The Krka River is a hotspot for a wide variety of aquatic
organisms, especially protists. Tufa barriers provide
a favorable substrate for colonization and growth of
periphyton, which is an important biomediator in the
tufa deposition process (Risse-Buhl and Kisel 2009;
Matonickin Kepcija et al. 2011; Gulin et al. 2021, 2022).
Previous studies in the Krka River were based solely on
morphological identification of particular protists using
the light microscope, such as diatoms and ciliates (Primc-
Habdija and Matonickin 2005; Primc-Habdija et al. 2005;
Kralj et al. 2006; Zutini¢ et al. 2020). Other protist groups
are even less studied, especially some groups of algae
in the Krka River. Molecular methods provide a pow-
erful tool to facilitate the process and uncover the hid-
den diversity and ecology of protists (Burki et al. 2021).
Nevertheless, the accuracy of taxonomic assignments
from short amplicon reads to the species level is still
problematic because too many species are missing from
the reference database and the target sequences are too
small to allow consistent and correct species assignments
(Amaral-Zettler et al. 2009; Stoeck et al. 2010). However,
it is recognized that metabarcoding on V9 region of the
SSU rRNA genes only allows correct identification down
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Shannon-Wiener (H’), and Simpson (7- Lambda’) indices. Error bars denote mean SD, numbers 1 to 4 on x axis denote different sampling locations: 1

= Krka spring, 2 = Marasovine, 3 = Roski slap, and 4 = Skradinski buk

to the genus level, so our analyses of protist diversity
were based on genera.

Biodiversity and environmental properties are the fun-
damental for ecosystem describing (Protasov et al. 2019),
and they are highly relevant for environmental protec-
tion. The present study provides a deeper insight into the
complexity of protists within the periphyton of a karstic
river. The Margalef index and the number of recorded
taxonomically assigned OTUs showed a very similar
trend, as the Margalef index comprises species rich-
ness as a measure of biodiversity (Gamito 2010). Species
richness can often reflect an independent component of
species diversity and variation in abundance of different
species/taxa (Hillebrand et al. 2008). The Simpson index
and Shannon-Wiener index also displayed a positive lin-
ear trend increasing from Krka spring to Skradinski buk,
thus indicating that alpha diversity indices provide vital

information in defining species/taxa richness (Jianshuang
et al. 2012). The Simpson and Shannon-Wiener indices
did not differ between the samples of Roski slap and Mar-
asovine (upstream section). Generally, alpha diversity for
all calculated indices increased in the downstream river
direction, which may be attributed to increasing habitat
diversity downstream. In addition, certain protist groups
could be associated with specific areas/microhabitats
where there is significant exchange of species from the
upstream to the downstream section of the river (Porter
and Patton 2016). The main reason of samples at Roski
slap barrier being separated can be explained by the
structure of the waterfall itself, which is 22.5 m high and
extends over a length of 650 m and a width of 400 m, with
a special formation called “the cascade” on the upper
side and a new additional spring water inflow (Stambuk-
Giljanovi¢ 2006). Therefore, the first part of the sampling
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was done in the upper part of the Roski slap, which is
more connected to the upstream section of the river. The
second group of samples was taken in the downstream
part of Roski slap, which is more connected with the
downstream section of the river up to the last tufa bar-
rier. The first part of Roski slap is geographically closer to
the upstream part of the river so the community struc-
ture is more similar to location Marasovine, while the
second part of Roski slap flows into Lake Visovac, which
has the greatest influence on Skradinski buk.

According to the most abundant genera, Rogki slap
showed similarity with Marasovine in terms of diatom
and ciliate dominance. The observed results for the dif-
ferent diversity indices indicated a strong competition
between taxa distributed within the two protist groups
on these two locations (Estrada-Villegas et al. 2012). In
contrast, diatoms demonstrated a clear dominance at the
Krka spring, whilst ciliates dominated at Skradinski buk.
The dominance of ciliates in the downstream sections of
the river may be related to local microhabitat complexity,
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as the abundance of various tufa-depositing forms is
much higher at the downstream locations, especially
Skradinski buk (Bonacci et al. 2017). Although this study
did not focus on community structure in terms of defin-
ing each species’ occurrence and abundance, it could
still be observed that over 60% of relative abundance of
the genus Stentor was detected in Skradinski buk. This
location is situated downstream of Lake Visovac and
represents a unique lake outlet characterized by higher
temperature and pH values and high DOC (dissolved
organic carbon) values (Kula$ et al. 2021). As lakes are
generally more productive systems (Spoljar et al. 2005),
the influence of Lake Visovac is reflected in a higher
amount of dissolved organic matter and a correspond-
ingly higher abundance of ciliate OTUs correspond-
ing to filter feeders (Kula$ et al. 2021). These conditions
may reflect biotic interactions that depend on DOC and
the availability of bacteria as a food source for ciliates
(Hauptmann et al. 2016). Caution should always be exer-
cised in interpreting the most common taxa recorded by
amplicon sequences. There are still problems in translat-
ing abundance from sequence data to biological abun-
dance, as variation in rDNA copy number among taxa
may be one of the main reasons for incongruent results
for Alveolata sequences (ciliates and dinoflagelates), as
they make up the largest proportion of sequence data
(Medinger et al. 2010). Thus, the highest abundance of
ciliates in a data set does not necessarily mean that cili-
ates are so abundant here. However, our results were
confirmed and compared with the microscopic analy-
sis in the earlier study by Kulas$ et al. (2021), where cili-
ates dominated at Skradinski buk. The dominance of
one protist group at Skradinski buk may also represent
a forewarning to future studies on the decrease of spe-
cies diversity, which has become a global problem in river
ecosystems (Ge et al. 2022).

In addition to ciliates, Skradinski buk was also domi-
nated by Cercozoa, which was in agreement with the
study of Gulin et al. (2021), observed by morphological
approach. Cercozoa are one of the most abundant protists
in aquatic and soil ecosystems (Fiore-Donno et al. 2020).
Being predominantly bacterivorous, it is not uncommon
for them to co-occur with bacterivorous ciliates as they
share the same food source (Fiore-Donno et al. 2019),
especially since Skradinski buk has the highest diver-
sity of microhabitats among the four sampling locations
(Bonacci et al. 2017) and parts with newly revitalized
streams with intensive soil drainage (Gulin et al. 2021).
The dominance of these protist groups at Skradinski buk
can also be linked to environmental change or regional
species pools (Sundermann et al. 2011), which could
alter environmental conditions to make them unsuit-
able to other groups (Bini et al. 2014; Graco-Roza et al.
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2020), limit resource availability (Silva et al. 2018), or
facilitate the spread of invasive species that may increase
competitive exclusion (Albano et al. 2018). For exam-
ple, the expansion of invasive plant species Ailanthus
altissima (Mill.), at Skradinski buk resulted in changes
in hydromorphology and a decrease in the abundance
of the protozoan community in the periphyton (Gulin
et al. 2021). Consequently, the anthropogenic interven-
tions due to increasing influence of tourism in this part
of the Krka River (Bonacci et al. 2017) may filter out most
of the functional traits and sensitive species resulting in
biodiversity loss (Silva et al. 2017). Additionally, there is
anthropogenic impact from technological and munici-
pal wastewater, located 2 km upstream from the border
of the Krka National Park near the city of Knin. Previ-
ous studies (Cukrov et al. 2008; Filipovi¢ Mariji¢ et al.
2018) showed that physico-chemical and microbial water
parameters indicated that technological and municipal
wastewater was a continuous source of nutrients and
bacteria, which also posed a risk to the National Park.
The main reason for the risk lies in the special character-
istics of karstic areas (geomorphology, hydrology), which
can contribute to the fact that the sources of pollution
can act many kilometers away through a well-developed
network of underground watercourses.

The number of taxonomically assigned OTUs and taxo-
nomic distinctness showed an opposing gradient across
all sampled locations. These contrasting results may be
related to the taxonomic assignment of OTUs, because the
number of recorded OTUs does not reflect the same num-
ber of different recorded genus or species ranks. Moreover,
similarly contrasting results observed by Jones et al. (2011)
were interpreted as a result of anthropogenic disturbance
through displacement with stress-tolerant species or with
competitive interactions among species. Since Skradinski
buk is one of the most touristically attractive parts of the
Krka National Park, it could be assumed that anthropo-
genic pressure also affects the protist community.

Generally, beta diversity indicates the level of varia-
tion in composition (Koleff et al. 2003). One of its driving
factors is habitat heterogeneity, which can create niches
favoring certain species over others, as some of the sam-
ples were collected on stones and others on tufa (Astorga
et al. 2014). It can help clarify processes associated with
community composition, which typically break down
into taxa exchange and richness differences in gain or loss
(Ge et al. 2022). Interestingly, the location effect was also
confirmed by NMDS analysis using the PERMANOVA
test, which grouped/clustered samples according to loca-
tions. The location effect can be explained by the physi-
cal structure of the habitat. Tufa barriers are a product of
calcium carbonate deposition where physical and chemi-
cal properties of water, geologic substrate, and biota play
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an intertwining role. All of these can influence the biotic
community through hydrogeological processes that
include both subsurface and surface water flow, often
with high flow velocities and discharge (Tamburini and
Menichetti 2020).

The next main driver of diversity composition is pro-
ductivity, where more productive areas support higher
regional diversity. Productivity is linked to beta diversity
and can result in high regional diversity and increased
niche specialization, especially for particularly rare spe-
cies (Currie et al. 2004). In the current case, this driver
is connected with the Krka spring zone area. Previous
studies have confirmed the spring zones of karstic riv-
ers being inhabited by various organisms (Mogna et al.
2015; Lai et al. 2020), particularly diatoms as one of the
most diverse groups (Cantonati et al. 2012). The group
Ochrophyta were recorded as the most abundant pri-
mary producers at the Krka spring. About 50% in rela-
tive abundance of the most abundant protist genera in
Ochrophyta belonged to diatoms, with the genus Sella-
phora accounting for the largest proportion, as was also
confirmed with DNA sequencing using the rbcl gene
marker (Kula$ et al. 2022). Genus Sellaphora belongs
to small-growing diatoms, and small-sized species usu-
ally occur in conditions under lower nutrient conditions
which is the case with spring areas (Cantonati et al. 2012;
Kulas et al. 2020).

Conclusion

This study provided a deeper insight into protist diversity
based on genus rank from the upstream to downstream
parts of the karstic Krka River observed using a molecular
approach. Previous studies have already shown that anal-
yses based on genera mirror those based on species and
may be sufficient for studying community structure (Bev-
ilacqua et al. 2012; Smith et al. 2014). In addition, genera
have inherently larger ranges than species, so regional/
location similarities are necessarily greater at the genus
level than at the species level (Bevilacqua et al. 2012;
Smith et al. 2014). In this study, however, analyses were
not based on longitudinal gradient, but protist community
composition showed differences along the river between
upstream and downstream through an increasing trend
in alpha diversity indices and grouping by location in beta
diversity. Combining alpha and beta diversity can provide
better insight into protist community structure. This kind
of valid biological data is of great importance for the con-
servation of karstic environments but can also indicate
declines in biodiversity and allow for effective protection
of aquatic karst habitats in future management.
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