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1 | INTRODUCTION
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Abstract

We have profound knowledge on biodiversity on Earth including plants and animals.
In the recent decade, we have also increased our understanding on microorganisms
in different hosts and the environment. However, biodiversity is not equally well
studied among different biodiversity groups and Earth's systems with eukaryotes
in freshwater sediments being among the least known. In this study, we used high-
throughput sequencing of the 18S rRNA gene to investigate the entire diversity of
benthic eukaryotes in three distinct habitats (littoral sediment and hard substrate,
profundal sediment) of Lake Ohrid, the oldest European lake. Eukaryotic sequences
were dominated by annelid and arthropod animals (54% of all eukaryotic reads) and
protists (Ochrophyta and Ciliophora; together 40% of all reads). Eukaryotic diversity
was 15% higher in the deep profundal than on either near-surface hard substrates or
littoral sediments. The three habitats differed in their taxonomic and functional com-
munity composition. Specifically, heterotrophic organisms accounted for 92% of the
reads in the profundal, whereas phototrophs accounted for 43% on the littoral hard
substrate. The profundal community was the most homogeneous, and its network

was the most complex, suggesting its highest stability among the sampled habitats.
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biodiversity has yet to be examined in detail (Cazzolla Gatti, 2016;
Leray & Knowlton, 2016; Xiong et al., 2021). With molecular tools,

While the biodiversity of higher plants and animals has long been ap-
preciated (Larsen et al., 2017), the importance of the biodiversity of
microorganisms in different hosts and in the environment has been
recognized relatively recently (Thompson et al., 2017). Biodiversity
is essential for ecosystem functioning (Loreau et al., 2001), but its
decline due to anthropogenic impacts has made its documenta-
tion across the Earth's living systems all the more urgent (Johnson
et al., 2017; Mihoub et al., 2017; Veresoglou et al., 2015). For mi-
croeukaryotes, particularly those in freshwater habitats, their

we now have the tools in our hands to map this diversity (Bik
et al., 2012; Creer et al., 2016; Leray & Knowlton, 2016).
Freshwater covers only 0.8% of the land surface and accounts
for only 0.01% of all water on Earth, but it harbors ~6% of all de-
scribed species (Dudgeon et al., 2006; Gleick, 1996). Humans rely
on freshwater sources for drinking water and irrigation as well as
economic activities, especially fisheries, aquaculture, and tourism.
Accordingly, many key contributors to freshwater systems have
been well studied, including plankton, macrofauna, and fish, but
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bottom dwellers, especially small benthic organisms, have been
largely neglected (Cazzolla Gatti, 2016; Kurashov, 2002). Benthic
organisms can be classified as residing in one of two distinct zones
that differ in their physical structure: the littoral and the profun-
dal. The surface-near littoral zone is a highly dynamic habitat,
characterized by constant temporal variations in its physical and
biological parameters (Carmignani & Roy, 2017; Galatowitsch &
Mclntosh, 2016). Its relatively high availability of nutrients origi-
nated from surrounding terrestrial resources such as litter and the
activity of phototrophic organisms supports the establishment of
a complex food chain (Brett et al., 2017). Littoral sediment is often
patchy, differing with respect to grain size, macrophyte coverage,
and amounts of organic matter (Lampert & Sommer, 2007). In ad-
dition, within the littoral, hard substrates such as the surfaces of
stones are highly exposed to environmental variations and cov-
ered by periphyton. It mainly comprises algae but also hetero-
trophic components, including bacteria, fungi, protists, and small
metazoans, as well as dead organic material (Weitere et al., 2018;
Wetzel, 2001). By contrast, the profundal zone, defined as the
area receiving <1% of photosynthetically active radiation, is a rel-
atively stable habitat, with a constant temperature and homoge-
neous sediment composition (Martens, 1994; Rundle et al., 2002).
These differences in the stability and complexity of the habitats
usually translate to the establishment of specific communities
(Mougi & Kondoh, 2012; Wilden et al., 2020).

Ancient lakes, defined as those that have existed continuously
for over a million years, provide unique systems to study speciation
and diversity (Brooks, 1950; Cristescu et al., 2010; Martens, 1997).
In fact, ancient lakes have been identified as biodiversity hotspots
(Martens, 1997; Rossiter, 2000), although the focus has so far been
on single taxonomic groups of large organisms, such as fish and
mollusks, except for a few model taxa such as diatoms (Albrecht &
Wilke, 2008; Cvetkoska et al., 2018). In Europe, the only known an-
cient lake is Lake Ohrid, located on the border of Albania and North
Macedonia. While its volume is much smaller (58.6 km®) than that
of Lake Baikal and the lakes of the African rift valley (maximum
volumes of >20,000 km?; Rossiter, 2000), Lake Ohrid is among
the most species-rich based on its total surface area, as it harbors
groups of organisms with a high degree of endemism, including am-
phipods (90%), gastropods (78%), and ostracods (63%) (Albrecht &
Wilke, 2008).

In this study, we used high-throughput sequencing of the hy-
pervariable V4 region of the 18S rRNA gene to profile and compare
the taxonomic and functional diversity and community composition
of minute eukaryotes in the littoral (sediment and hard substrates)
and profundal (sediment) of Lake Ohrid. We predicted a higher
taxonomic and functional diversity of eukaryotes in the two litto-
ral habitats than in the deep profundal. At the functional level, we
expected that phototrophic organisms would dominate the littoral,
both its sediment and its hard substrates, whereas heterotrophic
organisms would be dominant in the profundal, thus resulting in
habitat-specific communities. In addition, we hypothesized that pro-

fundal sediments host a stable community characterized by a higher

network complexity, in contrast to littoral networks, which are sub-
ject to constant fluctuations and will thus be less connected.

2 | METHODS
2.1 | Study area

Lake Ohrid (N41°02'19", E20°44'13") is the oldest lake in Europe
and one of the oldest lakes in the world. Formed tectonically be-
tween 1.9 and 1.3 million years ago, it is situated in the Ohrid valley,
at an altitude of 693 m a.s.l., between the south-western part of the
Republic of North Macedonia and eastern Albania. It has a surface
area of 358.2 km?, a maximum depth of 288.7 m, a water volume of
58.6 km®, and a shoreline length of 87.53 km (Wagner et al., 2017).
The main characteristic of Lake Ohrid's ecosystem is the scarcity of
nutrients, which accounts for the low level of primary production in
the lake. However, due to its age, geographic isolation, and its stable
ecological conditions the lake hosts a very rich biodiversity, espe-
cially its relict and endemic species (Ganoulis et al., 2000).

The sampling sites in this study were located along Lake Ohrid's
northern shoreline for littoral and periphyton samples, and along
a transect within a flat-bottom section of the lake for the profun-
dal samples (see Wilden et al., 2020 for a detailed map of sampling
points).

2.2 | Sampling procedure

All samples were obtained in April 2018. A cylindrical, modified/(di-
ameter 6 cm; length 60 cm; Uwitec, Austria) was used to sample the
sediments of Lake Ohrid at depths of 1.8-2.2 m (littoral) and 190-
210 m (profundal). The distances and depths were tracked by sonar
and GPS. Ten sampling sites from the littoral and ten from the pro-
fundal were sampled. From each sediment sample, the upper 5 cm
of the sediment column was immediately preserved in 90% ethanol.

Also in the littoral, the periphyton from the ten sampling sites of
littoral was sampled using a brush sampler to obtain quintuplicate
samples at a water depth of 50 cm (Peters et al., 2005). The syringe-
like sampler scrapes off a defined area (3.14 cm?) on hard substrates
and collects all sampled epilithic material, including biofilm-dwelling
meiofauna, without loss and without contamination by planktonic or
resuspended benthic organisms and material. Five replicate samples
were taken from a single stone (one stone per site). Each sample was
immediately sieved (10-um mesh) and preserved as described for the

sediment samples.

2.3 | DNA extraction and sequencing

DNA was extracted from 10 g (total wet weight) of sediment or
the total volume of periphyton that was sampled over an area of

15.7 cm?, using the DNeasy® Power max® soil kit (Qiagen N.V.)
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according to the manufacturer's instructions. The concentration and
purity of the DNA were measured using a NanoDrop ND-2000 spec-
trophotometer (NanoDrop Technologies).

The DNA was sent to Génome Québec (Montréal, Canada) for
paired-end 300 bp MiSeq sequencing. Broadly targeted primer
sets were used to target eukaryotes (fungi, protists, and animals).
Eukaryotic V4 regions of the 18S rRNA gene were amplified using
the primer pair 616F (5-TTAAARVGYTCGTAGTYG-3') and 1132R
(5'-CCGTCAATTHCTTYAART -3') (Hugerth et al., 2014).

2.4 | Bioinformatics

The obtained raw 18S rDNA sequence reads were curated in the
Hydra pipeline (de Hollander, 2017) implemented in Snakemake
(Késter & Rahmann, 2012); in short, after contaminants had been
filtered out and the barcodes removed, the forward reads were used
for annotation. Thereafter, vsearch (Rognes et al., 2016) was used
to cluster all reads into operational taxonomic units (OTUs) using
the UPARSE strategy by dereplication, followed by sequence sort-
ing by abundance (removal of singletons) and clustering using the
UCLUST smallmem algorithm (Edgar, 2010). Chimeric sequences
were removed using UCHIME (Edgar et al., 2011), as implemented
in vsearch. To create an OTU table, all reads were mapped to OTUs
using the usearch_global method (vsearch). Sequences were aligned
using the SILVA database (Quast et al., 2013). Reference sequences
were first trimmed of their forward and reverse primers using cuta-
dapt (Martin, 2011). Prior to further analyses, samples with <1,000
reads were removed, and the read numbers were then recalculated
as the relative abundances of the OTUs. Assignment of the OTUs
to a group (phototrophic, heterotrophic, and parasitic protistans,
metazoans, Streptophyta, and fungi; see the grouping and function
in Appendix S1) was based on literature reports. All dinoflagellates
were regarded as mixotrophic and therefore as 50% phototrophic
and 50% heterotrophic. All raw sequences data were deposited in (to
be submitted upon acceptance of the manuscript). In the following,
all taxa are referred to in accordance with SILVA.

2.5 | Statistical analyses

Statistical analyses performed using R 3.5.3. Visualization of the
results was based on the base or ggplot2 package if not stated oth-
erwise (Wickham, 2009). The vegan package was used to calculate
the Shannon indices for each of the three habitat types (Oksanen
et al., 2018); differences in these indices were assessed using the
Mann-Whitney U test. The heatmap in Figure 2 was created using
gplot and shows the differences between groups and habitats. Every
OTU was assigned to one of the following functional groups: het-
erotrophic, phototrophic, or parasitic. Only a few mixotrophic pro-
tists had to be counted as half heterotrophic and half phototrophic.
The significance levels were assessed using Dunn's test, from the

dunn.test package (Dinno, 2017). Habitat specificity was evaluated
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nonmetric multidimensional scaling (NMDS) and a similarity analysis,
the latter from the vegan package. The role of single species in the
separation of communities was analyzed using the indicator analysis
from the indicspecies package (De Caceres & Legendre, 2009).

In addition, co-occurrence network analyses were performed
using the packages vegan, Hmisc (Harrell & Dupont, 2020), and ig-
raph (Csardi & Nepusz, 2006) to assess the connectedness of the
communities from the three habitat types of Lake Ohrid. The anal-
yses were conducted on the family level to allow the removal of
artifacts arising from the inaccurate annotation of lower taxonomic
levels and the discrepancy in OTUs, such that some OTUs consist
of multiple species and species, in some cases, were attributed to
multiple OTUs (Faust & Raes, 2012). Therefore, a family-level cor-
relation matrix was constructed based on Spearman's coefficient.
The obtained P-values were corrected for multiple testing using
the method of Benjamini-Hochberg. The network was generated
using only correlations with p > 0.7 and p < .05; for visualization, the
Kamada and Kawai algorithm within igraph was used. The nodes in
the reconstructed networks represent the taxonomic groups at the
family level, whereas the edges (that is, connections) correspond to
a strong and significant correlation between nodes. All significance
thresholds were set to a = 0.05 and corrected using the Bonferroni-
Holm method in case of multiple data usage, if not stated otherwise.
The results are presented as percentages, absolute numbers, or as
the mean + standard deviation.

3 | RESULTS
3.1 | Diversity

Eukaryotic community profiling using 18S rRNA gene sequencing
generated 2,023,727 sequences after quality filtering for down-
stream analysis. The sequences were assigned to 1,291 OTUs. Most
of the OTUs were representative of animals (54%), dominated by
Annelida (36%) and Arthropoda (30%), followed by protists (40%),
mainly Ochrophyta (33%) and Ciliophora (24%) (Figure 1a). Much
smaller percentages of OTUs represented fungi (4%) and plants (3%)
(Figure 1a).

The alpha diversity was 15% lower on littoral hard substrates
(Dunn's test, p = .01) than within the profundal sediment (Figure 1b).
The Shannon index of the littoral hard substrates was the most vari-
able (SD: 0.64) and that of the littoral sediment the least variable
(SD: 0.28). A rarefaction analysis indicated that the estimated eu-
karyotic OTU richness at 200,000 sequences was ~900 for the hard
substrates and ~1,050 for the littoral and profundal sediments (see

rarefactions in the Figures S1-57).

3.2 | Abundance

The abundances of metazoans, Ciliophora, and Streptophyta

were highest in the littoral sediment (Dunn's test, p < .05; see the
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FIGURE 1 Eukaryotic community composition based on 18S rRNA gene sequencing. (a) General abundance of sequences affiliated with
eukaryotic groups across all habitat types. (b) Alpha diversity of littoral hard substrates and littoral and profundal sediments displayed
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Appendix S2). Ochrophyta and Chlorophyta abundance decreased more abundant than in the profundal sediment and 12 times more
with depth (Dunn's test, p < .01). Cercozoans were most abundant abundant than in the littoral sediment (p < .05). Arthropods were
in the profundal and least abundant in the littoral (Dunn's test, roughly 30% less abundant in profundal than in littoral habitats

p < .05). The other phyla contributed <5% to any specific habitat (b < .05). Compared to the profundal sediment, mollusks were 2.3-

(Figure 2). fold as abundant in the littoral sediment and 3.8-fold more abun-

Pairwise comparisons within the metazoans using Dunn's test dant on littoral hard substrates (p < .05). Annelids were 20 times
showed that the relative abundances of mollusks, arthropods, and less abundant on the hard substrates (p < .01) than within sediment
tardigrades were lowest in the profundal sediment (p < .05; see the habitats. Gastrotrichs were twice as abundant in the littoral sedi-
Appendix S2), without a significant difference between the littoral ment than in the profundal sediment or on littoral hard substrates

habitats. Tardigrades on the littoral hard substrates were 50 times (b <.05).
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3.3 | Functions

Pairwise comparisons of the relative abundances of the functional
groups indicated a decreasing abundance of phototrophic organisms
with depth (Figure 2; Dunn's test, p < .05; also see the Appendix
S2). The abundance peak on the hard substrates was 2.2-fold that
of the littoral sediment and 9-fold that of the profundal sediment.
Heterotrophic organisms were the most dominant in the profun-
dal sediment followed by the littoral sediment and littoral hard
substrates (Dunn's test, p < .05) but the absolute differences were
<25%. Parasites differed significantly only between the littoral habi-
tats (Dunn's test, p < .05), with a threefold higher abundance on the
hard substrates.

3.4 | Community composition

The three habitats significantly differed in their community com-
position (ANOSIM, p < .001), leading to separate clusters along the
gradient (Figure 3). Indicator analyses revealed that Cyrtophoria
(p = .001), Ulvophyceae (p = .002), and Microthamniales (p = .041)
were indicative of hard substrates. Among the members of these
taxa, >95% were found only on the hard substrates. Although
Prostomatea occurred in only half of the littoral sediment samples,
this group was an indicator for this habitat (p = .031), as 81.2%
of all Prostomatea assigned reads were obtained from the littoral

sediment. Most indicator taxa were from the profundal, with many

Open Access,

occurring (almost) entirely in that habitat. Gregarines (p = .001)
and Euglyphida (p = .001) were present in every profundal sample.
Planomonadidae (p = .014), Aphragmophora (p = .005), Diplonemea
(p = .001), Nolandida (p = .007), and Limnofilida (p = .010) were
detected in at least 90% of the profundal samples, Colpodellidae
(p = .009) and Spumellarida (p = .006) in ~70%, and Marimonadida
(p = .024), Arcellinida (p = .009), and Dactylopodida (p = .030) in
>50%.

3.5 | Network

Network complexity (here defined by the average changes in net-
work properties, especially nodes, edges, and community hubs;
Table 1) was highest in the profundal sediment (35 nodes; 39
edges; 12 communities; Figure 4b; Table 1) and lowest in the littoral
sediment (16 nodes; 11 edges; seven community hubs; Figure 4c),
followed by the littoral hard substrates (24 nodes; 19 edges; 10 com-
munities; Figure 4a).

Four metazoan taxa were part of the network of the profundal, but
they were absent from the networks of the littoral sediment and hard
substrates. Parasites were not part of the littoral sediment network but
were present on the hard substrates and contributed substantially to
the profundal network. Two phototrophic protists also occurred in the
profundal network. Nevertheless, the networks differed when repro-
duced at the OTU level (see the Appendix S3). On an OTU basis, the
densest network was that of the littoral sediment (311 nodes; 3,140

FIGURE 3 Nonmetric
multidimensional scaling (NMDS) plot
based on the OTUs. The Bray-Curtis
similarity was calculated using the read
abundances from the profundal and
littoral sediments and from littoral hard
substrates (stones). Shapes and colors
represent the three sampling sites: littoral
hard substrates (green) and the sediments
of the littoral (orange) and profundal
(blue). Each habitat type cluster is also @]

@ ANOSIM statisticR:0.6122 | Pvalue <0.001

. Hard substrate
© Littoral

u Profundal

indicated by polygons
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edges) followed by the hard substrates (252 nodes; 557 edges) and the
profundal network (176 nodes; 348 edges).

4 | DISCUSSION

Our integrative study of the taxonomic and functional diversity
of small eukaryotes in the oldest lake in Europe revealed distinct

TABLE 1 Correlations and topological properties of the
networks

Hard
Network properties substrate Profundal Littoral
Number of nodes? 24 35 16
Number of edges” 19 39 11
Modularity® 0.83 0.86 0.81
Number of communities® 10 12 7
Network diameter® 1 1 1
Average path length' 1 1 1
Degree® 38 78 22

#Taxon (at family level) with at least one significant (p < .05) and strong
(p > 0.7) correlation.

PNumber of connections/Spearman correlations.

“The capability of the nodes to form highly connected communities,
that is, a structure with high density of between nodes connections.

4A community is defined as a group of nodes densely connected
internally.

“The longest distance between nodes in the network, measured in
number of edges.

fAverage network distance between all pair of nodes or the average
length of all edges in the network.
8The number of connections in the network.

(@) . (b) ®
[} ‘ Q
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Hard substrate

Littoral

communities in littoral and profundal habitats that are more diverse
and likely stable in the profundal.

The higher diversity of eukaryotes in the deep profundal sedi-
ment than in the littoral habitats contradicted with our main hypoth-
esis but also the long-standing literature on Lake Ohrid (Albrecht
& Wilke, 2008; Stankovi¢, 1960). That result also differed from a
meiofauna-based study of the exact same samples, which found the
profundal to be less diverse than the littoral (Wilden et al., 2020).
Differences between our sequence-based analysis and previous
morphologically based surveys can be attributed to methodologi-
cal biases inherent to both approaches, especially when comparing
“abundance” of multicellular organisms. For example, different mark-
ers will likely reveal slightly different community compositions due
to PCR biases but the overall patterns are likely to remain (Schenk
et al., 2020). Some biases such as sampling bias, taphonomic pro-
cesses, potential mixing of substrates, sedimentation of actual bio-
mass from the water column occur equally in morphological and
molecular approaches. The sequence-based analyses performed
here provide relative abundance data that correlate more with
biomass than total abundance data (Schenk et al., 2019, 2020).
However, our molecular analysis on directly extracted DNA did not
focus on animals as previous studies, but also included protists and
other hardly extractable organisms (Geisen & Bonkowski, 2018).
Nevertheless, the total amount of observed OTUs was lower than
otherwise reported for freshwater habitats (Debroas et al., 2017).
Other patterns found here are confirmed by previous studies. For
example, oligochaetes dominated the OTU numbers and relative
abundance of all eukaryotes, confirming the idea that Lake Ohrid is
an oligochaete lake (Stankovi¢, 1960).

Our hypothesis of a high proportion of phototrophic organisms
in the littoral sediment and on the hard substrates was supported,
but even in the lightless profundal ~7% of the read abundance

T, e e00g
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@ Heterotrophic protist @ Phototrophic protist @ Parasitic protist @ Fungi & Metazoa

FIGURE 4 Network co-occurrence analysis of all eukaryotes from littoral hard substrates and in the littoral and profundal sediments. A
connection was defined as Pearson's correlation >0.7 (correlation: black edges) and statistically significant (p < .05). Each node represents a
different eukaryotic family, and the size of the node is proportional to the number
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represented phototrophic organisms. The latter can be explained
by sedimentation of the resting stages and nondegraded eDNA
originating from littoral organisms (Pawlowski et al., 2011; Piredda
et al.,, 2017). The highest relative abundance of heterotrophs in
the profundal was expected and found to account for 92% of all
profundal reads. Nevertheless, heterotrophs also dominated with
almost 80% of the littoral sediment reads. This may have been
due to the import of terrestrial carbon in the littoral, which is
also supported by multiple OTUs assigned to riparian vegetation
(Jones et al., 2018). The relative abundance of parasites never ex-
ceeded 1% of the reads, but parasites are known to be less abun-
dant and less species-rich in freshwater than in marine systems
(Marcogliese, 2001).

Our results support the hypothesis that profundal sediments
host a more stable community that translates into higher network
complexity, whereas dynamic littoral networks are less connected.
The profundal community was more homogeneous, as previously
also determined for meiofauna (Wilden et al., 2020), but also more
diverse than the littoral communities. The differences in the com-
munities of the three habitats were caused by multiple OTUs or spe-
cies, and in some cases entire orders, that were limited to or more
strongly associated with one versus the other habitats. The profun-
dal harbored the largest number of unique taxa and thus comprised
a true profundal community consisting of species adapted to life in
deep water (Stankovic, 1960). In general, highly connected networks
show that species are more likely to occur at the same sites within a
habitat (Barberan et al., 2012). This may suggest, for instance, that
communities in certain habitats that display high levels of connectiv-
ity. In a previous study, high network complexity was shown to result
in a high stability (Mougi & Kondoh, 2012). Multiple types of inter-
actions are another indicator of stability (Mougi & Kondoh, 2012),
but in this study we used co-occurrence networks that were not
necessarily display direct interactions. The littoral sediment was the
least complex at the family level but the most complex at the OTU
level. This unusual finding might be the result of Lake Ohrid's unique
endemic richness, as multiple members of a few families may have
radiated within the lake and were thus possibly underrepresented
in the family-based analysis (Albrecht & Wilke, 2008). Especially for
Lake Ohrid, this offers opportunities for future investigations as its
evolutionary history is very well documented (Wagner et al., 2019;
Wilke et al., 2020).

In summary, we show an unexpectedly lower taxonomic and
functional diversity of eukaryotes in the two littoral habitats than
in the deep profundal. At the functional level, we found habitat-
specific communities, but heterotrophic instead of phototrophic
organisms dominated the littoral habitats, both its sediment and
its hard substrates. In addition, we found evidence that profundal
sediments host a stable community characterized by a higher net-
work complexity, in contrast to littoral networks. Nevertheless, this
first inventory of eukaryotes of Lake Ohrid revealed the need for
more thorough investigations for a better understanding of Earth’s

biodiversity.

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

ACKNOWLEDGMENTS

We are very grateful to our colleagues from the Hydrobiological
Institute Ohrid (Ohrid, Republic of Macedonia) for their support and
hospitality. We especially thank Elizabeta Veljanoska-Sarafiloska
and Orhideja Tasevska for organizational help and Zoran Brdarovski
who was our guide and skipper. We also thank Hendrik Fiiser for his
assistance with the fieldwork. We also acknowledge support for the
publication costs by the Open Access Publication Fund of Bielefeld

University.

CONFLICT OF INTEREST
All authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Benjamin Wilden: Conceptualization (equal); Data curation (equal);
Formal analysis (lead); Investigation (lead); Methodology (support-
ing); Project administration (equal); Resources (equal); Visualization
(lead); Writing-original draft (lead); Writing-review & editing (equal).
Walter Traunspurger: Conceptualization (supporting); Funding
acquisition (equal); Investigation (supporting); Project adminis-
tration (supporting); Supervision (supporting); Writing-original
draft (supporting); Writing-review & editing (supporting). Stefan
Geisen: Conceptualization (equal); Data curation (equal); Formal
analysis (supporting); Investigation (supporting); Methodology
(equal); Project administration (supporting); Supervision (equal);
Visualization (supporting); Writing-original draft (equal); Writing-

review & editing (supporting).

DATA AVAILABILITY STATEMENT
DNA sequences are available at NCBI: PRJINA661589. Functional
grouping and OTU raw data: Appendix S1 of this study.

ORCID

Benjamin Wilden https://orcid.org/0000-0003-4334-0286

REFERENCES

Albrecht, C., & Wilke, T. (2008). Ancient Lake Ohrid: Biodiversity and
evolution. Hydrobiologia, 615, 103-140. https://doi.org/10.1007/
s10750-008-9558-y

Barberan, A., Bates, S. T., Casamayor, E. O., & Fierer, N. (2012). Using
network analysis to explore co-occurrence patterns in soil microbial
communities. ISME Journal, 6, 343-351. https://doi.org/10.1038/
ismej.2011.119

Bik, H. M., Porazinska, D. L., Creer, S., Caporaso, J. G., Knight, R., &
Thomas, W. K. (2012). Sequencing our way towards understanding
global eukaryotic biodiversity. Trends in Ecology & Evolution, 27, 233-
243. https://doi.org/10.1016/j.tree.2011.11.010

Brett, M. T.,, Bunn, S. E., Chandra, S., Galloway, A. W. E., Guo, F., Kainz, M.
J., Kankaala, P,, Lau, D. C. P,, Moulton, T. P., Power, M. E., Rasmussen,
J. B., Taipale, S. J., Thorp, J. H., & Wehr, J. D. (2017). How import-
ant are terrestrial organic carbon inputs for secondary production in
freshwater ecosystems? Freshwater Biology, 62, 833-853. https://doi.
org/10.1111/fwb.12909

Brooks, J. L. (1950). Speciation in ancient lakes. The Quarterly Review of
Biology, 25, 30-60. https://doi.org/10.1086/397375


https://orcid.org/0000-0003-4334-0286
https://orcid.org/0000-0003-4334-0286
https://doi.org/10.1007/s10750-008-9558-y
https://doi.org/10.1007/s10750-008-9558-y
https://doi.org/10.1038/ismej.2011.119
https://doi.org/10.1038/ismej.2011.119
https://doi.org/10.1016/j.tree.2011.11.010
https://doi.org/10.1111/fwb.12909
https://doi.org/10.1111/fwb.12909
https://doi.org/10.1086/397375

WILDEN ET AL.

11214 WI LEY_ECObe and Evolution

Open Access,

Carmignani, J. R., & Roy, A. H. (2017). Ecological impacts of winter water
level drawdowns on lake littoral zones: A review. Aquatic Sciences, 79,
803-824. https://doi.org/10.1007/s00027-017-0549-9

Cazzolla Gatti, R. (2016). Freshwater biodiversity: A review of local and
global threats. International Journal of Environmental Studies, 73, 887-
904. https://doi.org/10.1080/00207233.2016.1204133

Creer, S., Deiner, K., Frey, S., Porazinska, D., Taberlet, P., Thomas,
W. K., Potter, C., & Bik, H. M. (2016). The ecologist’s field
guide to sequence-based identification of biodiversity.
Methods in Ecology and Evolution, 7, 1008-1018. https://doi.
org/10.1111/2041-210X.12574

Cristescu, M. E., Adamowicz, S. J., Vaillant, J. J., & Haffner, D. G.
(2010). Ancient lakes revisited: From the ecology to the genet-
ics of speciation. Molecular Ecology, 19, 4837-4851. https://doi.
org/10.1111/j.1365-294X.2010.04832.x

Csardi, G., & Nepusz, T. (2006). The igraph software package for complex
network research. InterJournal, 1695(5), 1-9.

Cvetkoska, A., Pavlov, A., Jovanovska, E., Tofilovska, S., Blanco, S.,
Ector, L., Wagner-Cremer, F., & Levkov, Z. (2018). Spatial patterns
of diatom diversity and community structure in ancient Lake Ohrid.
Hydrobiologia, 819(1), 197-215. https://doi.org/10.1007/s1075
0-018-3637-5

De Céaceres, M., & Legendre, P. (2009). Associations between species and
groups of sites: Indices and statistical inference. Ecology, 90, 3566-
3574. https://doi.org/10.1890/08-1823.1

de Hollander, M. (2017). nioo-knaw/hydra: 1.3.3.

Debroas, D., Domaizon, |., Humbert, J. F., Jardillier, L., Lepére, C., Oudart,
A., & Taib, N. (2017). Overview of freshwater microbial eukaryotes
diversity: A first analysis of publicly available metabarcoding data.
FEMS Microbiology Ecology, 93, 1-14. https://doi.org/10.1093/femse
c/fix023

Dinno, A. (2017). dunn.test: Dunn'’s test of multiple comparisons using rank
sums.

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z.-I., Knowler,
D. J., Lévéque, C., Naiman, R. J.,, Prieur-Richard, A.-H., Soto, D.,
Stiassny, M. L. J., & Sullivan, C. A. (2006). Freshwater biodiversity:
Importance, threats, status and conservation challenges. Biological
Reviews of the Cambridge Philosophical Society, 81, 163-182. https://
doi.org/10.1017/51464793105006950

Edgar, R. C.(2010). Search and clustering orders of magnitude faster than
BLAST. Bioinformatics, 26, 2460-2461. https://doi.org/10.1093/
bioinformatics/btq461

Edgar, R. C., Haas, B. J.,, Clemente, J. C., Quince, C., & Knight, R. (2011).
UCHIME improves sensitivity and speed of chimera detection.
Bioinformatics, 27, 2194-2200. https://doi.org/10.1093/bioinforma
tics/btr381

Faust, K., & Raes, J. (2012). Microbial interactions: From networks to
models. Nature Reviews Microbiology, 10, 538-550. https://doi.
org/10.1038/nrmicro2832

Galatowitsch, M. L., & Mcintosh, A. R. (2016). Developmental constraints
control generalist invertebrate distributions across a gradient of
unpredictable disturbance. Freshwater Science, 35(4), 1300-1311.
https://doi.org/10.1086/688959

Ganoulis, J., Murphy, I. L., & Brilly, M. (2000). Transboundary water re-
sources in the Balkans: Initiating a sustainable cooperative network.
Kluwer Academic Publishers.

Geisen, S., & Bonkowski, M. (2018). Methodological advances to study
the diversity of soil protists and their functioning in soil food webs.
Applied Soil Ecology, 123, 328-333. https://doi.org/10.1016/j.
apsoil.2017.05.021

Gleick, P. H.(1996). Water resources. In S. H. Schneider (Ed.), Encyclopedia
of climate and weather (pp. 817-823). Oxford University Press.

Harrell, F. E., & Dupont, C. (2020). Hmisc: Harrell miscellaneous.

Hugerth, L. W., Muller, E. E. L., Hu, Y. O. O., Lebrun, L. A. M., Roume, H.,
Lundin, D., Wilmes, P., & Andersson, A. F. (2014). Systematic design

of 18S rRNA gene primers for determining eukaryotic diversity in mi-
crobial consortia. PLoS One, 9(4), €95567.

Johnson, C. N., Balmford, A., Brook, B. W., Buettel, J. C., Galetti, M.,
Guangchun, L., & Wilmshurst, J. M. (2017). Biodiversity losses and
conservation responses in the Anthropocene. Science, 356, 270-275.
https://doi.org/10.1126/science.aam9317

Jones, S. E., Zwart, J. A., Kelly, P. T., & Solomon, C. T. (2018). Hydrologic
setting constrains lake heterotrophy and terrestrial carbon fate.
Limnology and Oceanography Letters, 3, 256-264. https://doi.
org/10.1002/1012.10054

Koéster, J., & Rahmann, S. (2012). Snakemake-a scalable bioinformat-
ics workflow engine. Bioinformatics, 28, 2520-2522. https://doi.
org/10.1093/bioinformatics/bts480

Kurashov, E. A. (2002). The role of meiobenthos in lake ecosystems.
Aquatic Ecology, 36, 447-463.

Lampert, W., & Sommer, U. (2007). Limnoecology (2nd ed.). Oxford
University Press.

Larsen, B. B., Miller, E. C., Rhodes, M. K., & Wiens, J. J. (2017). Inordinate
fondness multiplied and redistributed: The number of species on
earth and the new pie of life. The Quarterly Review of Biology, 92, 229~
265. https://doi.org/10.1086/693564

Leray, M., & Knowlton, N. (2016). Censusing marine eukaryotic diversity in
the twenty-first century. Philosophical Transactions of the Royal Society
B: Biological Sciences, 371. https://doi.org/10.1098/rstb.2015.0331

Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J. P., Hector,
A., Hooper, D. U,, Huston, M. A., Raffaelli, D., Schmid, B., Tilman, D.,
& Wardle, D. A. (2001). Biodiversity and ecosystem functioning: cur-
rent knowledge and future challenges. Science, 294, 804-808.

Marcogliese, D. J. (2001). Pursuing parasites up the food chain:
Implications of food web structure and function on parasite commu-
nities in aquatic systems. Acta Parasitologica, 46, 82-93.

Martens, K. (Ed.) (1994). Speciation in ancient lakes. Ergebnisse der
Limnologie (44th ed.). Schweizerbart.

Martens, K. (1997). Speciation in ancient lakes. Trends in Ecology &
Evolution, 12(5), 177-182.

Martin, M. (2011). Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet.journal, 17, 10-12. https://doi.
org/10.14806/ej.17.1.200

Mihoub, J. B., Henle, K., Titeux, N., Brotons, L., Brummitt, N. A., &
Schmeller, D. S. (2017). Setting temporal baselines for biodiversity:
The limits of available monitoring data for capturing the full impact
of anthropogenic pressures. Scientific Reports, 7, 41591.

Mougi, A., & Kondoh, M. (2012). Diversity of interaction types and
ecological community stability. Science, 337, 349-351. https://doi.
org/10.1126/science.1220529

Oksanen, J., Guillaume Blanchet, F., Kindt, R., Legendre, P., McGlinn,
D., Minchin, P. R., O'Hara, R. B., Simpson, G. L., Solymos, P, Stevens,
M. H., Szoecs, E., & Wagner, H. (2018). vegan: Community Ecology R
Package.

Pawlowski, J., Christen, R., Lecroq, B., Bachar, D., Shahbazkia, H. R,
Amaral-Zettler, L., & Guillou, L. (2011). Eukaryotic richness in the
abyss: Insights from pyrotag sequencing. PLoS One, 6(4), €18169.

Peters, L., Scheifhacken, N., Kahlert, M., & Rothhaupt, K.-O. (2005).
Note: An efficient in situ method for sampling periphyton in
lakes and streams. Arch fiir Hydrobiol, 163, 133-141. https://doi.
org/10.1127/0003-9136/2005/0163-0133

Piredda, R., Sarno, D., Lange, C. B., Tomasino, M. P, Zingone, A., &
Montresor, M. (2017). Diatom resting stages in surface sediments: A
pilot study comparing next generation sequencing and serial dilution
cultures. Cryptogamie Algologie, 38, 31-46. https://doi.org/10.7872/
crya/v38.iss1.2017.31

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies,
J., & Glockner, F. O. (2013). The SILVA ribosomal RNA gene data-
base project: Improved data processing and web-based tools. Nucleic
Acids Research, 41, 590-596. https://doi.org/10.1093/nar/gks1219


https://doi.org/10.1007/s00027-017-0549-9
https://doi.org/10.1080/00207233.2016.1204133
https://doi.org/10.1111/2041-210X.12574
https://doi.org/10.1111/2041-210X.12574
https://doi.org/10.1111/j.1365-294X.2010.04832.x
https://doi.org/10.1111/j.1365-294X.2010.04832.x
https://doi.org/10.1007/s10750-018-3637-5
https://doi.org/10.1007/s10750-018-3637-5
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1093/femsec/fix023
https://doi.org/10.1093/femsec/fix023
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1038/nrmicro2832
https://doi.org/10.1038/nrmicro2832
https://doi.org/10.1086/688959
https://doi.org/10.1016/j.apsoil.2017.05.021
https://doi.org/10.1016/j.apsoil.2017.05.021
https://doi.org/10.1126/science.aam9317
https://doi.org/10.1002/lol2.10054
https://doi.org/10.1002/lol2.10054
https://doi.org/10.1093/bioinformatics/bts480
https://doi.org/10.1093/bioinformatics/bts480
https://doi.org/10.1086/693564
https://doi.org/10.1098/rstb.2015.0331
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1126/science.1220529
https://doi.org/10.1126/science.1220529
https://doi.org/10.1127/0003-9136/2005/0163-0133
https://doi.org/10.1127/0003-9136/2005/0163-0133
https://doi.org/10.7872/crya/v38.iss1.2017.31
https://doi.org/10.7872/crya/v38.iss1.2017.31
https://doi.org/10.1093/nar/gks1219

WILDEN ET AL.

Rognes, T., Flouri, T., Nichols, B., Quince, C., & Mahé, F. (2016). VSEARCH:
A versatile open source tool for metagenomics. PeerJ, 2016, e2584.

Rossiter, A. (Ed.) (2000). Ancient lakes: Biodiversity, ecology and evolution
(31st ed.). Acad. Press.

Rundle, S. C., Robertson, A. L., & Schmid-Araya, J. M. (2002). Freshwater
Meiofauna. Backhuys Publishers.

Schenk, J., Geisen, S., Kleinboelting, N., & Traunspurger, W. (2019).
Metabarcoding data allow for reliable biomass estimates in the most
abundant animals on earth. Metabarcoding and Metagenomics, 3,
e46704.

Schenk, J., Kleinbolting, N., & Traunspurger, W. (2020). Comparison of
morphological, DNA barcoding, and metabarcoding characteriza-
tions of freshwater nematode communities. Ecology and Evolution,
10, 2885-2899. https://doi.org/10.1002/ece3.6104

Stankovi¢, S. (1960). The Balkan Lake Ohrid and Its Living World, IX
Monogra. W. Junk.

Thompson, L. R., Sanders, J. G., McDonald, D., Amir, A., Ladau, J., Locey,
K. J., Prill, R. J., Tripathi, A., Gibbons, S. M., Ackermann, G., Navas-
Molina, J. A., Janssen, S., Kopylova, E., Vazquez-Baeza, Y., Gonzalez,
A.,Morton, J. T., Mirarab, S., Zech Xu, Z., Jiang, L., ... Knight, R. (2017).
A communal catalogue reveals Earth’s multiscale microbial diversity.
Nature, 551, 457-463. https://doi.org/10.1038/nature24621

Veresoglou, S. D., Halley, J. M., & Rillig, M. C. (2015). Extinction risk of
soil biota. Nature Communications, 6, 9862. https://doi.org/10.1038/
ncomms9862

Wagner, B., Vogel, H., Francke, A., Friedrich, T., Donders, T., Lacey, J.
H., Leng, M. J., Regattieri, E., Sadori, L., Wilke, T., Zanchetta, G.,
Albrecht, C., Bertini, A., Combourieu-Nebout, N., Cvetkoska, A.,
Giaccio, B., Grazhdani, A., Hauffe, T., Holtvoeth, J., ... Zhang, X.
(2019). Mediterranean winter rainfall in phase with African mon-
soons during the past 1.36 million years. Nature, 573, 256-260.
https://doi.org/10.1038/s41586-019-1529-0

Wagner, B., Wilke, T., Francke, A., Albrecht, C., Baumgarten, H., Bertini,
A., Combourieu-Nebout, N., Cvetkoska, A., D'Addabbo, M., Donders,
T. H., Foller, K., Giaccio, B., Grazhdani, A., Hauffe, T., Holtvoeth,
J., Joannin, S., Jovanovska, E., Just, J., Kouli, K., ... Zhang, X. S.
(2017). The environmental and evolutionary history of Lake Ohrid
(FYROM/Albania): Interim results from the SCOPSCO deep drilling
project. Biogeosciences, 14, 2033-2054. https://doi.org/10.5194/
bg-14-2033-2017

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Weitere, M., Erken, M., Majdi, N., Arndt, H., Norf, H., Reinshagen, M.,
Traunspurger, W., Walterscheid, A., & Wey, J. K. (2018). The food
web perspective on aquatic biofilms. Ecological Monographs, 88, 543~
559. https://doi.org/10.1002/ecm.1315

Wetzel, R. G.(2001). Limnology, lake and river ecosystems. Academic Press.

Wickham, H. (2009). ggplot2: Elegant graphics for data analysis.
Springer-Verlag.

Wilden, B., Tasevska, O., & Traunspurger, W. (2020). A comparison of
benthic meiofaunal communities in the oldest European lake. Journal
of Great Lakes Research, 46(5), 1146-1155. https://doi.org/10.1016/j.
jglr.2020.01.018

Wilke, T., Hauffe, T., Jovanovska, E., Cvetkoska, A., Donders, T.,
Ekschmitt, K., Francke, A., Lacey, J. H., Levkov, Z., Marshall, C. R,,
Neubauer, T. A., Silvestro, D., Stelbrink, B., Vogel, H., Albrecht, C.,
Holtvoeth, J., Krastel, S., Leicher, N., Leng, M. J., ... Wagner, B. (2020).
Deep drilling reveals massive shifts in evolutionary dynamics after
formation of ancient ecosystem. Science Advances, 6, 1-10. https://
doi.org/10.1126/sciadv.abb2943

Xiong, W. U,, Jousset, A., Li, R., Delgado-Baquerizo, M., Bahram, M.,
Logares, R., Wilden, B., de Groot, G. A., Amacker, N., Kowalchuk,
G. A, Shen, Q., & Geisen, S. (2021). A global overview of the
trophic  structure within microbiomes across ecosystems.
Environment International, 151, 106438. https://doi.org/10.1016/j.
envint.2021.106438

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Wilden, B., Traunspurger, W., &
Geisen, S. (2021). Inventory of the benthic eukaryotic
diversity in the oldest European lake. Ecology and Evolution,
11, 11207-11215. https://doi.org/10.1002/ece3.7907



https://doi.org/10.1002/ece3.6104
https://doi.org/10.1038/nature24621
https://doi.org/10.1038/ncomms9862
https://doi.org/10.1038/ncomms9862
https://doi.org/10.1038/s41586-019-1529-0
https://doi.org/10.5194/bg-14-2033-2017
https://doi.org/10.5194/bg-14-2033-2017
https://doi.org/10.1002/ecm.1315
https://doi.org/10.1016/j.jglr.2020.01.018
https://doi.org/10.1016/j.jglr.2020.01.018
https://doi.org/10.1126/sciadv.abb2943
https://doi.org/10.1126/sciadv.abb2943
https://doi.org/10.1016/j.envint.2021.106438
https://doi.org/10.1016/j.envint.2021.106438
https://doi.org/10.1002/ece3.7907

