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Abstract

Rarity as a multidimensional concept has not been discussed for the ostracods along with the effects of physicochemical
factors and sedimentation rates of waters on their distribution. We randomly sampled 91 aquatic sites including eight habi-
tat types in the Canakkale Province to study ostracod species rarity, commonness, and ecological preferences, and to test
the relationships between the rarity index (average of geographic range, habitat specificity, and population size indices)
and environmental factors. A total of 44 ostracod taxa (25 living) were reported from 75 sites. Among the species, Can-
donocypris caledonica was recorded for the first time in Tiirkiye. Sixty percent of 25 living species exhibited cosmopoli-
tan characteristics, making significant contributions to the diversity of ostracods. The well-known cosmopolitan species,
Heterocypris salina (rr=0.268), Cypridopsis vidua (rr=0.289), Limnocythere inopinata (rr = 0.330), Ilyocypris bradyi
(rr=0.370), and Psychrodromus olivaceus (rr=0.390), were identified as common species based on the rarity index (rr)
values. Of the environmental variables, only sediment grain sizes (X2000, X500, and X63 pm) were found to be effective on
the distribution of ostracod species. The Shannon index exhibited a positively significant association with x2000, while the
population size index displayed a linear relationship with X63 pm grain size, indicating a small population size and rarity.
Associations among index values, sediment grain size, and water quality variables showed that comprehensive studies on
ostracods, analyzing both water and sediment, can provide a clearer and more precise information for evaluating the rarity
and ecological preferences of species.
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Introduction

The conservation of biodiversity suggests the protection of
a great number of species, encompassing both common and
rare species. Rare species are species of increasing impor-
tance in conservation biology (Maciel 2021) because the
decline of a population of a rare species to below viable
levels causes the loss of taxonomic, genetic, and functional
diversity within a habitat (Longton and Hedderson 2000).
Rarity is not easy to biologically define since it is indicated
as the numeric ratio of a species to other sympatric species,
and so many animal and plant species are classified as rare
species (Drury 1974) because rare species are represented
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by a few individuals, while common species are represented
by many individuals in ecological communities (Flather and
Sieg 2007). For this reason, the method for determining rare
species should be clear and understandable for scientists and
decision-makers (Maciel 2021).
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Beyond the abundance of species, rarity is a multidimen-
sional concept and is described in seven forms of species rar-
ity, relating to geographic range (restricted or widely distrib-
uted), local population density (abundance based and small
or large populations), and habitat specialization (specialist
or generalist), as well as combinations of these (Rabinowitz
1981). The purpose of the geographic range is to assign a
species based on the area where it was found relative to a
sampled area (Maciel and Arlé 2020). To classify species
as habitat specialists and generalists, habitat specificity is
utilized to detect the habitat preference of a species for a
kind of habitat or microhabitat (Vitt 1981). The last one,
population size, is based on the traditional rarity parameter,
the number of individuals (Rabinowitz 1981), and Maciel
(2021) also stated the usage of body size and density of a
species to describe rare species. On the other hand, species
distributed in a wide geographical range, occupying many
habitats, and forming large populations or population sizes
are called common, abundant, or cosmopolitan species (Isik
2011).

Causes of rarity are as follows: (i) the inherent biologi-
cal and ecological characteristics of a species, such as its
traits (e.g., slow life histories), and the traits of its ecosystem
(e.g., low carrying capacity), and (ii) anthropogenic and/
or extrinsic causes such as habitat loss or fragmentation,
human exploitation for control and collecting, pollution, and
introduction of exotic species (Pértel et al. 2005). Species
under the pressure of the extrinsic causes are more threat-
ened than intrinsically rare species since intrinsically rare
species are adapted to low species abundance to complete
their life history when extrinsic rare species do not (Flather
and Sieg 2007).

Biodiversity not only includes the number of species
but also the phylogenetic and functional diversities. In this
sense, the influence of a species on the spatial distribution
of biodiversity can be shown in two ways, as follows: (i)
the functional or phylogenetic distinctiveness of the species
and (ii) the distribution of the species in geographic space
(White et al. 2023). Therefore, identifying the contribu-
tions of common and rare species to the spatial distribution
of biodiversity allows us to estimate the groups of indica-
tor species for local and national monitoring schemes. For
example, common species with 100% occupancy add little
or no variance to a spatial species richness pattern, whereas
species with 50% occupancy will add a large amount of vari-
ance (White et al. 2023). In addition, Lawler et al. (2003)
stated that “Indicators of biodiversity have been proposed
as a potential tool for selecting areas for conservation when
information about species distributions is scarce.” Marcot
and Flather (2007) utilized common species as indicators
to find the location of rare species. All studies show that
it is not only important whether a species is common or
rare, but also how it is used. Each species is therefore an
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important taxonomic unit, as one species can be an indicator
of another. Additionally, rare and common species both hold
significance in ecosystem functioning, as emphasized in var-
ious studies (e.g., Lyons et al. 2005; Flather and Sieg 2007,
Macdougall et al. 2013; Leitao et al. 2016). The loss of a
species, regardless of its rarity, can seriously impact eco-
system functioning due to its unique functional roles (Violle
et al. 2017). This decline in biodiversity not only affects eco-
system function but also human well-being (Ceballos et al.
2015). Determining the rarity or commonness of a species
is very important for conservation efforts and understanding
its importance in the ecosystem.

For numerous organisms, whether a species is rare or
common often relies on limited parameters such as abun-
dance or occurrence frequency (e.g., Ozulug et al. 2018;
Xiao et al. 2023), indicating the necessity of comprehensive
assessment methods. This issue is also apparent in the case
of ostracods. Ostracods with a length range of 0.3—-8 mm
and low-Mg calcite shells are encountered in a variety of
aquatic bodies, including rivers, streams, ponds, rice fields,
groundwater, oceans, lakes, springs, and semi-terrestrial
habitats (Meisch 2000; Martens and Horne 2016). The
ubiquity of ostracods relies on their carapaces, two shells
connected to each other by a hinge at the dorsal part, with
high preservation potential as fossils date to the early Ordo-
vician period, approximately 485 million years ago (Wil-
liams et al. 2008). The geochemical information of shells
is controlled by aquatic variables since they show relation-
ships with major and minor elements in waters, such as mag-
nesium (Mg?"), strontium (Sr**), and calcium (Ca**) (De
Deckker et al. 1988), as well as the oxygen content of water
(Delorme 1978) and chemical properties of water includ-
ing temperature, pH, salinity, hydraulic conditions, and bot-
tom grain sizes or sedimentation rates (Ruiz et al. 2013).
During their distribution, ostracod species display species-
specific responses to the above-mentioned aquatic variables
(Kiilkodyltioglu 2013). The distribution of living ostracod
species is also influenced by their ability to disperse, as
these organisms can produce resting eggs (Meisch 2000).
Therefore, fossil and modern (living) ostracods can be pow-
erful and reliable indicators to reconstruct and estimate cli-
mate and environmental changes in past and present condi-
tions, respectively (Holmes and Chivas 2002; Kiilkdyliioglu
2004). They are separated into two main indicator groups:
positive [cosmopolitan (or cosmoecious) species with wider
geographical distribution and tolerance levels to different
environmental variables] and negative (noncosmopolitan
species with limited tolerance levels and relatively narrow
geographical distribution) (Kiilkoyliioglu et al. 2020). At this
point, the question “Do cosmopolitan species tends to be
common, whereas other species are considered rare?” arises.

Regarding this question, a rarity index developed by
Maciel (2021) was used to evaluate the rarity of ostracod
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species in the Canakkale Province (Tiirkiye). During the
present study, this new index, a multiparameter index that
does not depend on a single parameter, relating to the
geographic range, habitat specificity, and population size
indices, was used for the first time for the ostracods in the
literature. In addition to studying both rare and common
species, assessing the rarity of ostracod species with sig-
nificant indicator potential will enable us to understand
whether their rarity is inherent to their ecological char-
acteristics or influenced by environmental variables. This
will be achieved by conducting multidimensional statisti-
cal analyses. Therefore, we aimed (i) to assess the rarity
and commonness of ostracod species in the Canakkale
Province (Tiirkiye) during the autumn season of 2022,
(ii) to explore the relationships among rarity index and its
three dimensions (the geographic range, the habitat speci-
ficity, and the population size) values with environmental
variables, and (iii) to determine distribution and ecological
preferences of individual ostracod species.
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Material and methods
Study area

Canakkale Province (Fig. 1) is located in the north-
west of Tiirkiye, between 25°40'-27°30" longitude and
39°27'-40°45' latitude, separating the continents of Europe
and Asia with the 61-km-long Dardanelles. It has 9933 km?
of surface area, and approximately 55% of this area is cov-
ered by forests, while the remaining areas consist of mead-
ows, pastures, and arable land. The total coastline length of
the province is 671 km. The provincial center, the Canak-
kale, with about 2 m of elevation, covers 928 km?, consti-
tuting 10% of the total surface area. The largest island of
Tiirkiye in the Aegean Sea, Gokceada, as well as Bozcaada
and Tavsan islands, are found within the province’s borders.
The westernmost point of the Anatolian Peninsula, Baba
Burnu, and the westernmost point of Tiirkiye, Avlaka Burnu
on Gokcgeada, are also within the provincial borders. The
discharge of province’s rivers and streams increases during
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Fig.1 Aquatic sites sampled (o) in Canakkale Province during the present study
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the fall season rains and the melting of snow in the April
and May months, dropping to a few hundred liters per sec-
ond at other times. There are a few lakes, and the existing
ones are salt lakes on the Gelibolu Peninsula and Gok¢eada,
which dry up in the summer. The climate of the Canak-
kale Province exhibits transitional climate characteristics
due to its location. Although it generally reflects Mediter-
ranean climate features, the presence of the province fur-
ther north results in lower average temperatures during the
winter. The minimum and maximum temperatures are —4.2
and 4+35.8 °C in February and August, respectively, when
the annual average temperature and humidity are equal to
14.7 °C and 72.6%, respectively. A distinctive climatic fea-
ture of the climatic condition of the Canakkale Province is
the prevalence of windy weather (e.g., northeasterly wind,
south—southwest wind) for a significant part of the year,
compared with other close provinces. The annual average
rainfall varies between 662.8 m* (Gokgeada) and 854.9 m’
(Ayvacik). Rainfall significantly decreases during the sum-
mer months, with the highest precipitation occurring in
December, January, and February. The number of days with
snow cover is mostly limited, reaching a maximum of 8 days
(CIKTM 2024).

Measurement and sampling

A total of 91 aquatic sites, including dam (d), stream
(st), pond (p), trough (t), canal (ca), lake (1), spring (s),
and creek (c), were visited for ostracod sampling from
28 October to 2 November (autumn) of 2022 (see Figs. 1
and S1). Firstly, a global positioning system, GARMIN
Etrex 30, was used to record the elevation and coordinates
(latitudes and longitudes). Air temperature (Ta, °C), mois-
ture (%), and wind speed (Mph) were determined with the
aid of a Kestel-3000 anemometer. Then, the water quality
parameters of each sampled sites, representing pH, dis-
solved oxygen concentration (DO, mg LY, water tem-
perature (Tw, °C), electrical conductivity (EC, pS cm™Y),
salinity (psu), total dissolved solids (TDS, mg L_l), and
oxidation—reduction potential (ORP, mV), were measured
with a HANNA HI-9829 multiparameter device. Polyeth-
ylene bottles with a volume of 100 ml were utilized to
collect water samples from each site for chemical analy-
ses (calcium (Ca**, mg L™!), magnesium (Mg?*, mg L),
potassium (K!'*, mg L™, strontium (Sr**, mg L™!) and
ferrous iron (Fe?*, mg L1, maintaining in the containers
at+4 °C until the analysis was done. After that, surface
sediment (about 2-3 cm) was gathered with a rectangular
hand net with a 150 pm mesh size for ostracod specimens
from the littoral areas of each sampling site up to a 1 m
depth. About 200 ml of collected sediments were put into
the 250 ml plastic bottles and fixed with 70% ethanol to
prevent the deterioration of the ostracod specimens for
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further studies. For sediment grain size analysis, we col-
lected the sediment remaining after getting the ostracod
samples in 100 ml plastic bottles.

Analyses in laboratory

ArcGIS and ArcMAP software with a 30 m Tandem-X Digi-
tal Elevation Model (DEM) was used to create the map of the
sampled aquatic sites in Canakkale Province (Fig. 1). The
analyses of Ca’", Mg?*, KT, Sr’*, and Fe?* were carried out
with the aid of the Dionex ICS-1100 ion chromatography
system at the Eskisehir Technical University (Tiirkiye), fol-
lowing the Standard Methods for the Examination of Water
and Wastewater provided in APHA (2012). Hereafter, we
used abbreviation of physico-chemical variables in the text.
To determine the sediment grain size, we followed the Wen-
tworth classification (Wentworth 1922), 2000—-1000 um very
coarse sand—gravel, 1000-500 um coarse sand, 500-250 um
medium sand, 250-125 um fine sand, 125-63 um very fine
sand, 63-39 pm silt, and <39 pum clay. The collected sedi-
ment samples were sieved through three separate sieves with
sizes of 2000, 500, and 63 pum to get the average grain size
and the results were given in terms of weight. These grain
sizes are presented as x2000, X500, and X63 um in the text.
Grain size measurements were performed at the Middle East
Technical University (Tiirkiye) central laboratory using a
particle size analyzer (Malvern Mastersizer 2000 device and
Malvern Nano ZS90 device) both in dry and wet conditions.

Sediment samples collected for the ostracods were fil-
tered through four standard-sized sieves (0.5, 1.0, 1.5, and
2.0 mm mesh size), washed under tap water, and then put
in 250 ml plastic bottles with 70% ethanol. Subsequently,
ostracod specimens were separated from the sediments
with dissecting needles and a Pasteur pipette under an
Olympus ACH 1X stereo microscope, and then summed in
glass vials containing 70% ethanol. To conduct taxonomic
identification, adult ostracod specimens were dissected in
lactophenol solution to prepare permanent slides with soft
body parts under a light microscope (Olympus BX-51).
After dissection, the separated valves of each species were
kept in micropaleontological slides to get scanning elec-
tron microscopy (SEM) illustrations, using a Carl Zeiss
EVO-50 type SEM-EDX at the Department of Geologi-
cal Engineering, Hacettepe University, Tiirkiye. We fol-
lowed the taxonomic keys provided in Meisch (2000) and
Karanovic (2012) to identify ostracod specimens to spe-
cies or genus levels, using soft body parts and carapace
features, along with checking the taxonomic nomenclature
of species according to Meisch et al. (2019). All prepared
permanent slides and individuals in glass vials are kept
in the Limnology Laboratory of Bolu Abant Izzet Baysal
University (Tiirkiye).
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Statistical analyses

In all statistical analyses, adult ostracod individuals with
complete soft body parts were considered. The Shannon
index value of Canakkale Province was calculated, along
with the proportional contribution of the individual species
to the alpha diversity using Species Diversity and Richness
4 software (Seaby and Henderson 2006).

To assess the rare ostracod species in the present study,
the rarity index (Maciel 2021) based on the scheme of Rabi-
nowitz (1981), relating to three dimensions of rarity pro-
posed by her as follows: the geographic range, the habitat
specificity, and the population size, were applied. Firstly,
the geographic range index (gri) (Eq. 1), habitat specificity
index (hsi) (Eq. 2), and population size index (psi) (Eq. 3)
were calculated for each species.

gri = 1/{[(latrangg) * (longmnge)] + C} (1)

where: gri is the geographic range index, lat,,,,, is the range
of the two extreme latitude points and long,,,,, is the range
of the two extreme longitude points of the i” species. c is a
constant equaling to 1, used to eliminate the sum of laz, .,
and long, ., being smaller than 1 since some species are
found only one time and so they have only one latitude and
longitude.

hsi=1/h,,,, 2

where: hsi is the habitat specificity index and 4, is the max-
imum habitat number where the i species is encountered.

Psi=1/pu ©)

where: psi is the population size index and p,,,, is the maxi-
mum population of the i species that occurred anywhere.

Then, an average index value, rarity index (rr) (Eq. 4),
was computed from these mentioned indices for each spe-
cies. The rr value ranges from O to 1, where an index value
closer to 0 means a more common species and closer to 1
indicates a rarer species. This evaluation is also accepted for
other above-mentioned indices (Maciel 2021). The R pack-
age called rrindex was utilized for the calculations of these
indices (Maciel 2021).

rr = (gri + hsi + psi)/3 4)

Before the statistical analyses performed below, multicol-
linearity amid the environmental variables was checked, and
variables with an inflation factor larger than 10, indicating a
possibility of multicollinearity, were not used in the analyses,
with the aid of Ecological Community Analysis II Software
(Seaby and Henderson 2007). Accordingly, 11 (pH, dissolved
oxygen concentration, electrical conductivity, water tempera-
ture, elevation, calcium, magnesium, strontium, and x2000,

%500, and X63 amount of sediment particles remained on the
mesh with 2000, 500 and 63 pm sizes, respectively) environ-
mental variables were used.

A fourth-corner analysis (Legendre et al. 1997) was used to
test the associations or correlations between values of indices
(gri, hsi, psi, and rr) and environmental variables. This method
originally combined three tables into a matrix, representing
species distribution across samples, environmental character-
istics of samples, and species traits. We utilized the above-
mentioned index values calculated for each species instead of
species traits. The significance of the relationships was quanti-
fied by 999 permutations based on model 1 of Legendre et al.
(1997), where the abundances of each species were permuted
within each row to test the null hypothesis stating that environ-
mental variables do not show any associations and/or control
on the index values (gri, hsi, psi, and 1) of individual species.
This analysis was run with aid of the R package ade4 (Dray
and Dufour 2007). Beyond the fourth-corner analysis, we con-
ducted a nonparametric Spearman rank correlation analysis
using the IBM SPSS statistics package version 21 to examine
the pattern of bivariate correlations between index values (gri,
hsi, psi, and rr) and environmental variables (physico-chemical
variables and sediment grain size), as well as among physico-
chemical variables, Shannon index values, and sediment grain
size. To assess the type of relationships (e.g., linear, non-linear,
S-shaped) among index values and environmental variables,
generalized additive models (GAMs) were applied based on
the generalized cross validation (GCV) criterion and signifi-
cance of explanatory variables in the Canakkale Province,
using the R package mgcv (Wood 2017).

The longest gradient length of the detrended correspond-
ence analysis was larger than 4.0, suggesting the suitability of
the species data for the application of unimodal technique, a
canonical correspondence analysis (CCA) (LepS and Smilauer
2003). Environmental variables used in the CCA analysis were
log transformed with PAST 3.26 software (Hammer et al.
2001) to eliminate skewness and achieve a normal distribu-
tion, except pH (ter Braak and Smilauer 2002). Then, we per-
formed CCA along with the forward selection of the Monte
Carlo permutation test (499) using CANOCO 4.5 software to
understand the relationships between environmental variables
and ostracod species that occur more than two times. Optimum
and tolerance levels of individual ostracod species, found at
least two times, for different environmental variables were
estimated with aid of C2 software (Juggins 2003), utilizing
the weighted-averaging regression model.

Results
Descriptive statistical analysis results (minimum, maximum,

mean, and standard deviation) of water quality variables
obtained from the measurements in the field and analyzed
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in the laboratory are given in Table 1. A total of 44 ostracod
taxa, comprising 25 living and 19 subfossil, were reported
in 75 out of the 91 aquatic sites sampled in the present study.
These taxa are classified into three superfamilies: Cypri-
doidea (39 taxa in 17 genus), Cytheroidea (4 taxa in genus
Cyprideis, Limnocythere, and Semicytherura), and Darwi-
nuloidea (1 taxa in genus Darwinula). SEM illustration of
living species is provided in Fig. S2. Among living spe-
cies, Cypridopsis vidua (O.F. Miiller, 1776) was the most
recorded species with 11 occurrences, followed by Heterocy-
pris salina (Brady, 1868) (9 times), Limnocythere inopinata
(Baird, 1843) (9 times), and Ilyocypris bradyi Sars, 1890
(5 times). Of which, H. salina was the only species found
in seven of the eight habitat types during the present study
(Tables 2 and S1). Fifteen of 25 living species were char-
acterized with cosmopolitan characteristics (showed a wide
geographical distribution) (Table 2). In the present study,
mostly cosmopolitan species, such as L. inopinata, C. vidua,
L. bradyi, and H. salina, made more contributions propor-
tionally to the Shannon index (H') value of the Canakkale
Province, equal to 2.559 (see Table 2).

According to geographic range index (gri), only one spe-
cies, H. salina (gri=0.466) had an index value lower than
0.5 (Fig. 2a, Table 2). About half of the species displayed
a habitat specificity index (hsi) value equal to 1, indicating

rarity. Conversely, the most common species, such as
C. vidua (hsi=0.250), H. salina (hsi=0.333), L. inopinata
(hsi=0.333), and 1. bradyi (hsi=0.333), exhibited index val-
ues closer to 0, representing commonness (Fig. 2b, Table 2).
In contrast to gri and hsi results, about 80% of species had
population size index (psi) values lower than 0.4 (closer to
0), suggesting common species, except for Neglecandona
lindneri (Petkovski, 1969), Ilyocypris monstrifica (Norman,
1862), and Potamocypris similis G.W. Miiller, 1912, whose
index values equal to 1 (Fig. 2c, Table 2). The rarity index
(rr), obtained by averaging these three indices, varied from
0.268 to 1 for the 25 ostracod species in the present study.
Neglecandona lindneri and P. similis were classified as rare
species due to the rr index value corresponding to 1. Cosmo-
politan species (Cypria opthalmica (Jurine, 1820), Cyprid-
eis torosa (Jones, 1850), Ilyocypris inermis Kaufmann,
1900, Potamocypris villosa (Jurine, 1820), and Prionocy-
pris zenkeri (Chyzer and Toth, 1858)) had rr index values
larger than 0.650 indicating their rarity in the Canakkale
Province. Five well-known cosmopolitan species, H. salina
(rr=0.268), C. vidua (rr=0.289), L. inopinata (rr=0.330),
L bradyi (rr=0.370), and P. olivaceus (Brady and Norman,
1889) (rr=0.390), were classified as the common species
based on rr index values. Additionally, Candona candida
(O.F. Miiller, 1776), H. incongruens (Ramdohr, 1808),

Table 1 Minimum (min),

) Variables All sites (91) Sites with only living species (44)

maximum (max), and mean

values of environmental Min Max Mean Min Max Mean

variables measured in the

present study for all sites and pH 6.81 10.34 8.75 7.69 10.34 8.73

sites with only living species DO (mg L) 2.81 17.25 8.45 4.94 15.15 8.75
Tw (°C) 9.66 55.00 16.23 9.66 19.80 15.44
EC (uS cm™) 37.99 2913.00 644.14 51.33 2427.00 665.19
Sal (psu) 0.06 70.00 2.41 0.14 33.84 1.10
TDS (mg L1 18.88 1458.00 321.91 25.68 1210.00 332.58
ORP (Mv) -59.80 242.40 168.15 —38.00 229.60 170.90
Ta (°C) 7.40 28.90 20.94 7.40 27.10 20.94
Moist (%) 24.60 99.80 63.98 29.70 84.30 61.00
Wind (Mph) 0.00 10.00 1.51 0.00 6.60 1.69
Elev (m asl.) 0.00 540.00 148.42 0.00 540.00 172.86
Ca** (mg L") 9.73 956.31 75.73 14.87 240.14 67.00
Mg>* (mg L™ 0.85 1335.74 49.70 4.95 1333.65 52.39
K" (mgL™) 0.66 6586.65 120.54 0.66 566.22 17.91
Sr** (mg L) 0.03 11.86 0.71 0.09 3.54 0.45
Fe** (mg L") 0.02 0.53 0.13 0.05 0.27 0.12
%2000 (g) 0.50 96.30 28.16 1.60 96.30 22.34
%500 (g) 0.00 51.80 11.00 0.00 51.80 7.13
X63 (g) 0.00 41.30 6.79 0.00 33.50 4.46

DO dissolved oxygen concentration, 7w water temperature, EC electrical conductivity, Sal salinity, TDS
total dissolved solid, ORP oxidation-reduction potential, 7a air temperature, Moist moisture, Wind wind
speed, Elev elevation, Ca** calcium, Mg>* magnesium, K'* potassium, S/** strontium, Fe** ferrous
iron, and X2000, x500, and x63 amount of sediment particles remained on the mesh with 2000, 500, and

63 pm sizes, respectively
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Table 2 The list of 44 ostracod taxa reported in the Canakkale Province

Taxa Code Ind/juv/car/valve Habitat H' gri hsi psi T
1 Candonocypris caledonica  Cac 37, 11j, 15car, 160v d, p 0.555 0.848 0.500 0.036 0.461
2 Candona candida Cc 23, 1j, 34car, 31v c, st 0.887 0.812 0.500 0.067 0.460
3 Cypria opthalmica Co 4, Scar, 1v d 0.693 0.920 1.000 0.500 0.807
4 Cypria subsalsa Cs 3, Tcar, 1v d 1.000 1.000 0.333 0.778
5 rideis tor Ct 27, 16j, 4car, 2v Lp 1.000  1.000 0.037 0.679
6 ri is vi Cv 138, 28j, 50car, 56v d, p, st t 1.727  0.600 0.250 0.018 0.289
7 Heterocypris barbara Hb 7, 2car t 1.000 1.000 0.143 0.714
8 Heterocypris incongruens Hi 176, 231car, 171v p, st t 0.739 0.863 0.500 0.063 0.475
9 Heter ris salin Hs 413, 505, 259car, 299v c,ca, d,p,s,st,t  1.116 0466 0.333 0.004 0.268
10 11 ris bradyi Ib 15, 4j, 127car, 172v c,p,t 1432 0.577 0.333 0.200 0.370
11 Ilyocypris decipiens 1d 10, 42v c,d 1.089 0.785 0.500 0.250 0.512
12 Ilyocypris gibba Ig 35, 3j, 4car, 78v d, t 0.760 0.738 0.500 0.045 0.428
13 Ilyocypris inermis Ii 3, 4car, 9v c 1.000 1.000 0.333 0.778
14 Ilyocypris monstrifica Im 2, lcar, 46v c,d 0.693 0.748 0.500 1.000 0.749
15 Isocypris beauchampi Isb 5, 2j, 3car, 16v d 1.000 1.000 0.200 0.733
16 Limnocythere inopinata Li 32, 4j, 30car, 65v ¢, d, st 1.965 0.532 0.333 0.125 0.330
17 Neglecandona lindneri NI 1, 5v t 1.000 1.000 1.000 1.000
18 lecandona neglect Nn 8, 11j, 10car, 11v c,p, st t 0.377 0.988 0.500 0.143 0.544
19  Physocypria kraepelini Pk 27, 22car, 9v d 1.025 0.569 1.000 0.059 0.543
20  Psychrodromus oliv; Po 164, 8j, 10car, 22v s, t 0.327 0.663 0.500 0.007 0.390
21 Potamocypris arcuata Pa 6, 37car, 7v d, s, t 0.637 0911 0500 0.250 0.554
22 Potamocypris similis Ps 1, 6v d 1.000 1.000 1.000 1.000
23 Potamocypris villosa Pv 5, 43car, 18v t 1.000 1.000 0.200 0.733
24 Pseudocandona sucki Psu 5, 7car, 3v [ 1.000 1.000 0.200 0.733
25 Prionocypris zenkeri Pz 2, 3v pst 1.000 1.000 0.500 0.833
26 Candona sp. Cndsl  1j, 4car, 45v c,d, p, st t
27 Candonocypris sp. Cnsl 28v d
28 Cypria sp. Cps lcar, 1v d
29 Cypris sp. Crs 3v st
30 Cypridopsis sp. Cysp 13car, 16v c,ca,d, 1, p,st
31 Darwinula sp. Dasp lv d
32 Dolerocypris sp. Dp lcar st
33 Eucypris spl Esp 2, 1j, lcar, 3v c,d,t
34 Eucyprissp 2 Esp2 52v 1
35 Herpetocypris sp. Hers 1j, 9car, 39v ca,d, p, st t
36 Heterocypris sp. Hetsp 10car, 156v c,d, p,st, t
37 Ilyocypris sp. Isp 56¢ar, 349v c,ca, d,p, st t
38  Limnocythere sp. Lsp 2car, 65v d, t
39 Nanocandona sp. Nns 1, 4v d, s, st
40  Physocypria sp. Phsp 2v d
41 Potamocypris sp. Potsp  43car, 12v c,d, p, st
42 Pseudocandona sp. Psepl 10car, 15v c,d,s, st
43 Psychrodromus sp. Psp 3car, 4v c,d, st t
44 Semicytherura sp. Ssp 2v 1

Shannon All Sample Index 2.559

Shannon jackknife standard error 0.535

code abbreviations of species name, Ind the count of individuals, juv juveniles, car carapaces, v valves, H' Shannon index value, gri geographic
range index, hsi habitat specificity index, psi population size index, and rr rarity index. Species with cosmopolitan characteristics are given in
bold. Bold underlined species names indicate the species previously found in the Canakkale Province

ca canal, c creek, d dam, [ lake, p pond, s spring, st stream, and ¢ trough
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Fig.2 Scatter plots provided by the indices’ values ranged from 0
to 1 (y axis) for 25 ostracod species (x axis) in the Canakkale Prov-
ince. The indices on the y axis are the geographic range index (gri; a),

1. gibba (Ramdohr, 1808), and Candonocypris caledonica
(Méhes, 1939) showed rr index values below 0.5, suggesting
their higher commonness in the present study (see Fig. 2d,
Table 2).

Habitat specificity index (hsi) and population size index
(psi) showed positive correlations with Mg?* and x63 pm
sediment grain size, respectively, based on fourth-corner
analysis. Meanwhile, geographical range index (gri), hsi, and
rarity index (rr) exhibited moderately negative significant

@ Springer

habitat specificity index (hsi; b), population size index (psi; ¢), and
the rarity index (rr; d). Abbreviations of species codes are given in
Table 1

correlations with EC according to Spearman rank correla-
tion analysis. In the same analysis, gri and psi indices dis-
played negatively significant correlations with X2000 pm
sediment grain size and Ca*, respectively. Among the phys-
ico-chemical variables of water, Ca** and Sr** showed a sta-
tistically significant positive correlation with the 2000 pm
sediment grain size, while EC displayed positive correlation
with the X500 pm sediment grain size. The Shannon index
value demonstrated a notable correlation of 41.8% with
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coarse particulate sediment, X2000 pm sediment grain size
(see Fig. 3).

Only statistically significant relationship patterns are
visualized in Fig. 4 based on the generalized additive model
(GAM) analysis. GAM analysis revealed statistically mean-
ingful nonlinear relationship of gri and rr indices with pH.
The associations of hsi and rr indices were mostly quadratic

Fourth-corner analysis
l

concave with Sr**. Among the indices, psi demonstrated a
positively linear relationship with X63 pm sediment grain
size (Fig. 4).

The first two axes of CCA explained 85.5% of correla-
tions between species and environmental variables (see
Table S2). Among them, sediment grain sizes [X2000
(4=0.57, F=2.68, p=0.004),x500 (1=0.43, F=2.06,

Spearman Rank Correlation analysis
l

s | o
5 o g 8 N4 S g NS
IRBEESS e R < 2 S S <
Correlation Coefficient | - 480* -.405*
gri Sig. (2-tailed) 0.015 .045
N 25 25
Correlation Coefticient | -.500%*
hsi Sig. (2-tailed) 011
N 25
. Correlation Coefficient -.405*
ol Sig. (2-tailed) 044
N 25
Correlation Coefficient | -.416*
T Sig. (2-tailed) .039
N 25
Correlation Coefficient A458%*
EC Sig. (2-tailed) .021
N 25
Correlation Coefficient - 581%** -468*
Elev Sig. (2-tailed) .002 018
N 25 25
Correlation Coefficient 592%*
Ca Sig. (2-tailed) .002
N 25
Correlation Coefficient 488*
Sr Sig. (2-tailed) .013
N 25
Correlation Coefficient 418%*
Shannon index Sig. (2-tailed) .038
N 25

* and ** indicate significant levels at the 0.05 and 0.01, respectively.

Fig.3 Fourth-corner and Spearman rank correlation analyses show-
ing the associations of geographic range index (gri), habitat specific-
ity index (hsi), population size index (psi), and the rarity index (rr)
with environmental variables, and among the Shannon index value,

physico-chemical variables of water, and sediment grain sizes. In the
fourth-corner analysis, red and grey colors indicate positive and no
correlations, respectively. Abbreviations for environmental variables
can be found in Table 1
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Fig.4 Patterns of relationships of the geographic range index, habitat specificity index, population size index, and the rarity index with pH,
strontium, and X63 pm sediment grain size. The shaded areas indicate 95% confidence intervals

p=0.006), and x63 (1=0.37, F=1.80, p=0.030)] exhib-
ited significant influence on the distribution of ostracod
species in the Canakkale Province, when the other nine
variables [Elev (1=0.28, F=1.35, p=0.200), Tw (1=0.27,
F=1.39, p=0.202), DO (41=0.29, F=1.43, p=0.166),
Ca** (1=0.17, F=0.87, p=0.512), Sr** (4=0.20, F=1.02,
p=0.440), EC (1=0.18, F=0.91, p=0.542), Mg*"
(4=0.25, F=1.25, p=0.282) and pH (1=0.06, F=0.30,
p=0.984)] did not show significant effects (Fig. 5). Among
the species, N. neglecta (Sars, 1887) with a moderate rr
index value (0.554) (Table 2) was positioned at the center
of the CCA diagram, suggesting that its distribution is not
significantly correlated with the environmental variables
measured. Cypria opthalmica (rr=0.807) and 1. monstrifica
(rr=0.749), classified as rare species due to rr index values
(Table 2), were located on the positive side of axis 1 without
close associations with environmental variables measured.
Of the common species, P. olivaceus displayed a negative
correlation with X63 pm sediment grain size, while I. bradyi
exhibited a close association with X2000 pm sediment grain

@ Springer

size. Species with a rr index value close to 0.5 (Table 2),
1. decipiens Masi, 1905 (0.512) and P. arcuata (Sars, 1903)
(rr=0.554) demonstrated close relationships with the nega-
tive side of axis 2 correlating with DO (see Fig. 5). In con-
formity with CCA results, P. arcuata (Opt=12.92 mg L™
and I. decipines (Opt=10.16 mg L™") were among the spe-
cies with highest optimum levels for DO. Psychrodromus
olivaceus had the lowest optimum level (0.09 g) for X63 pm
sediment grain size, while I. bradyi was one of the species
with the highest optimum level (23.65 g) for x2000 pm sed-
iment grain size. Cypria opthalmica displayed the lowest
optimum (369.50 uS cm™") and tolerance (20.51 pS cm™)
levels for EC (for more information, see Table 3).

Discussion

Until now, there have been five published studies (Giilen
1985; Kilig et al. 2000; Altinsagli and Griffiths 2002; Rasouli
et al. 2014; Percin-Pacal et al. 2017) and one unpublished
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Fig.5 Distribution of ostracod 6
species (A, filled-up triangles)
in the Canakkale Province
according to the effect of
sediment grain sizes, X63, X500,
and x2000 pm, pH, elevation
(Elev), dissolved oxygen (DO),
electrical conductivity (EC),
water temperature (Tw), stron-
tium (Sr**), calcium (Ca®*), and
magnesium (Mg?*) on the CCA
diagram. The arrows indicate
environmental variables and
dashed arrows represent the
variables with statistically
nonsignificant effects. Sampled
sites (O, circles) are shown

on the diagram and coded as
40st where “40” is the site and
lowercase letters are ca, canal,
¢, creek; d, dam; 1, lake; p,
pond; s, spring; st, stream; and
t, trough. Codes of species are
provided in Table 1
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dataset (Altinsacli unpublished data) related to ostracods in
the study area. However, most of these studies are not com-
prehensive and have sampled only a few sites within the
province. An exception is the work of Per¢in-Pacal et al.
(2017), who conducted seasonal samplings at 28 sites on
Gokgeada Island in 2007. The present study represents the
first comprehensive and extensive ostracod investigation in
the Canakkale Province during the autumn season of 2022.
Previous studies have documented a total of 28 non-marine
ostracod species. Nine of which were also found in the
present study (Table 2). Sixteen of 25 living species in the
present study are new records for the Canakkale Province.
Of these species, Candonocypris caledonica is a new spe-
cies for the non-marine ostracod fauna of Tiirkiye. With the

findings of the present study, the total number of non-marine
ostracod species in the province was increased to 44 species.

The 60% of the species that exhibit cosmopolitan char-
acteristics in the present study (Table 2) underscores their
significant contribution to overall species diversity (e.g.,
Yavuzatmaca 2019; Kiilkoyliioglu et al. 2020). For example,
11 out of 15 species contributing proportionally to the Shan-
non index value of the Canakkale Province in the autumn
season are cosmopolitan (Table 2). This contribution can be
attributed to the frequent occurrence of cosmopolitan spe-
cies with high abundances compared with non-cosmopoli-
tans. The importance of these species beyond their contribu-
tion to diversity is that they can also be utilized as valuable
indicators. It was emphasized that P. olivaceus, one of the

@ Springer
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cosmopolitan species found in this study, may be used an
indicator of aquatic systems in both lotic and lentic habitats,
while H. salina may be an indicator species of fluctuations
in ecological variables and changes such as the case in EC
(Yavuzatmaca 2020). While these findings highlight the
importance of cosmopolitan species, their status as biodiver-
sity indicators and their roles in the ecosystem functioning
should be examined in future studies.

According to the geographic range (gri) and habitat
specificity (hsi) indices, one and four cosmopolitan species,
respectively, have index values below 0.5, suggesting they
may be common species according to these indices. How-
ever, based on the population size index (psi), almost all
species except three species appear to be common species
in the present study (see Table 2 and Fig. 2). This demon-
strates how the assessment of rarity or commonness varies
when using different variables. When the rarity index (rr)
(Maciel 2021), an average of these three indices was con-
sidered, only eight cosmopolitan and one non-cosmopolitan
species have lower index values approaching commonness
compared with other species. This observation highlights the
reliability and feasibility of employing multiple parameters,
rather than relying on a single one to evaluate the rarity
and commonness of species. In a compilation of 188 studies
from the literature by Ozulug et al. (2018), commonly found
cosmopolitan species in Tiirkiye, N. neglecta (recorded in
74 papers), C. torosa (in 67 papers), C. vidua (in 69 papers),
and H. incongruens (in 63 papers), were characterized as
common species based on their occurrence frequencies. The
first two species in this study had rr index values above 0.5,
while the last two species showed rr index values below
0.5 (Table 2). This indicates that while cosmopolitan spe-
cies have the potential to become common species, not all
cosmopolitan species achieve this status. This potential of
cosmopolitans to become common can be explained by their
uniform distribution capacity over space due to their long-
distance colonization ability (Durrett and Levin 1998). This
is evident in the case of ostracods. For example, Yavuzat-
maca et al. (2015) and (2017b) found random and clump
distributional patterns of ostracods among sampling sites
in Adiyaman and Burdur provinces (Tiirkiye), respectively.
These distributional patterns were attributed to the preva-
lence of species characteristics, with 51.85% of species
exhibiting non-cosmopolitan characteristics in Adiyaman,
while 63.64% of species with cosmopolitan characteristics
in Burdur. Considering the wide geographical distribution
and broad ecological preferences of cosmopolitan species
(Kiilkdyliioglu 2013), it should not be assumed that cos-
mopolitan species are exempt from protection or are not
endangered. This is because if cosmopolitan species are not
taken under protection without understanding whether they
are common or rare in a specific region, the loss of a spe-
cies, even if it is cosmopolitan, will be inevitable and may

negatively affect the functioning of the ecosystem, consider-
ing that a species may have a unique functional trait (Violle
et al. 2017).

The fourth-corner and Spearman’s correlation analyses
revealed that physico-chemical variables in water exert
effects on the values of the indices (gri, hsi, psi, and rr)
in the autumn of 2022 (Fig. 3). Among them, hsi shows a
positive correlation with Mg?*, indicating that an increase
in Mg?* values correspond to an increase in the index value
and suggesting an augmentation in rare species. Conversely,
hsi indicates a quadratic convex relationship with Sr,
implying that an increase in Sr>* values initially enhance the
index, but beyond a certain point, it starts to decrease. This
suggests that habitats meeting the ecological preferences of
species inhabit numerous species, opposed to species found
in nearly in all habitats, such as H. salina in the present
study. The low levels of these variables in the water facilitate
the adaptation of species with wider tolerance levels, while
adversely affecting other species. These variables, (e.g., low
Mg**found as trace element of the ostracod carapace) are
closely tied to Mg?* and Sr?* ratios in water (Chivas et al.
1985; De Deckker et al. 1988, 1999; Holmes and De Deck-
ker 2012). Similarly, a negatively significant correlation was
observed between psi and Ca>* (Fig. 3). An increase in the
Ca”* content of water leads to low values of psi, as presented
in Table 2. This means that Ca>* can directly or indirectly be
effective on the number of ostracod individuals. The dissolu-
tion of limestone by carbonic acid elevates levels of ionized
Ca** and bicarbonate (HCO,'~) in water, promoting photo-
synthesis with a subsequent rise in carbonate (CO32‘) and
hydroxyl (OH'"). The presence of Ca>* limits pH increase
by precipitating CO32_ as calcium carbonate (CaCO;) (Wet-
zel 2001; Boyd et al. 2016), indicating close relationships
among Ca", pH, and DO. Accordingly, high values of Ca®*
in the water bodies correlates to low pH and DO values,
illustrating why many species in this study exhibit low psi
index values (Table 3). This is because all species, except
C. caledonica (6.40 mg L"), had optimum values above 7
for DO, while I. gibba exhibited the lowest optimum level
(8.45) for pH compared with others with higher values. Such
kind of relationships among physico-chemical variables in
waters help to explain the nonlinear relationship of pH with
gri and rr indices (Fig. 3) and the quadratic concave associa-
tion of Sr** with rr in the present study (Fig. 4). All these
findings recommend that both individual ostracod species
and index values are affected by the water quality variables,
since ostracods seem to be related to specific ions in the
waters that they inhabit to calcify their low magnesium cal-
cite carapaces (Turpen and Angell 1971). Additionally, the
sum of all dissolved ion concentrations, EC, also indicated
negative correlations with hsi and rr indices (Fig. 3), dem-
onstrating its effect on the distribution of ostracod species,
as previously proposed by Capraz et al. (2022).
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Sediment grain sizes displayed influential effects on
the distribution of ostracod species in the present study
(Fig. 5). Ostracods utilize sediments to escape from pred-
ators through burrowing (Mbahinzireki et al. 1991) and
to find a suitable location to explore nutrients (Roca and
Danielopol 1991). The grain size of sediment exhibits var-
ious effects on the ostracod assemblages (Ruiz et al. 2013).
For instance, Suren (1992) highlighted the high abun-
dance of ostracods in gravel habitats, while Geranmayeh
and Varnosfaderany (2022) found a negatively significant
correlation of ostracods’ density with percentage of gravel
and sand but positively with the amount of silt and clay.
Among sediment grain sizes, fine sediment content with
reduced porosity and hydraulic permeability restricts
nutrients and oxygen exchange between surface and sub-
surface sediments. The deposition fine sediments provide
a homogenized habitat for taxa tolerating low DO and the
ability to burrow in sediments (Mathers et al. 2019). On
the other hand, finer sediments limit interstitial habitats,
precluding the larger-bodied organisms (Boulton 2007).
The lowest survivorship of ostracods was observed in
finer sediments compared with coarse because of vigorous
movement of ostracods, clogging of respiratory append-
ages, and the lower value of DO (Donohue and Irvine
2003). Casado-Martinez et al. (2016) emphasized that the
presence of clay as proxy for finer sediments decreases
the growth of ostracods due to high organic matter in
fine-grained sediments and the greater adsorption capa-
bility of fine sediments for pollutants than coarser ones.
The linear relationship of psi and X63 pm sediment grain
size in the present study (Fig. 4) supports the negative
effect of finer sediment on ostracod population size. An
increase in the ratio of finer sediment ascends the value of
psi, signifying rare species with small population size, as
only ostracod species tolerate conditions of habitats with
finer sediment (e.g., low DO). The positive and significant
correlation of Shannon index value with X2000 pm sedi-
ment grain size (Fig. 3) illustrates that sediment with large
grain size has a positive effect on ostracod diversity. Mao
et al. (2021) underlined the importance of sediment grain
size, along with the water depth and hydrological condi-
tions, on the distribution of ostracods in Dalongchi Lake,
northwestern China. In the same study, authors pinpointed
the preference of Ilyocypris sp. for relatively coarse sub-
strate. In the present study, two species of the genus /lyo-
cypris (I. bradyi and I. gibba) showed close associations
with coarse particulate sediments (Fig. 5). Both species
are also among the species with highest tolerance levels
to x2000 pm sediment grain size (Table 3). The close
association of P. kraepelini G.W. Miiller, 1903 with larger
grain size was reported by Szlauer-Lukaszewska and PeSi¢
(2020). In the present study, the species displayed a similar
preference for larger grain size sediments, oriented on the
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side of x2000 um sediment grain size (Fig. 5), while hav-
ing lowest optimum level (0.23) after P. olivaceus (0.09)
for x63 pm sediment grain size (Table 3).

Considering that the transfer of gases and ions continues
until an equilibrium is established among water, air, and
sediment (Boyd 2020), the importance of sediment for ben-
thic ostracods becomes evident. As seen in Fig. 3, the corre-
lations of water chemicals with sediment grain size indicate
that water and sediment should be considered together when
discussing benthic organisms. This relationship impacts
both the distribution of species and their levels of rarity and
commonness. For example, sediment phosphate content was
reported to be the most effective factor in the distribution
of ostracods in Sinop Province (Tiirkiye), along with mag-
nesium and water temperature (Yavuzatmaca et al. 2017a).
Therefore, when water and sediment analyses are conducted
simultaneously and then distribution and ecology of ostra-
cods are studied, valuable information will be obtained
regarding the indicator potential of these organisms.

Conclusions

A new addition to the non-marine ostracod fauna of Tiir-
kiye is C. caledonica, reported for the first time. The direct
impact of cosmopolitan species on local species diversity
has been observed. Indices used to assess species rarity and
commonness, such as gri, hsi, psi, and rr, have demonstrated
distinct relationships with the physico-chemical properties
of water. Also, it is strongly recommended to use multiple
parameters rather than one to evaluate the rarity of species
for a more accurate assessment. While cosmopolitan species
have the potential to become common compared with oth-
ers, it is essential to assess this potential, considering that
not every cosmopolitan ostracod species becomes common.
Sediment grain size displayed notable correlational patterns
with ostracod distribution and clear relationships with water
quality parameters. Therefore, we recommend conducting
comprehensive studies on ostracods by simultaneously ana-
lyzing both water and sediment to provide clearer and more
precise information in future studies.
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