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1 | INTRODUCTION

are fundamental for effective conservation planning and management. In this work,
in order to reassess the distribution of the globally threatened Evia barbel, Barbus
euboicus, we undertook an environmental DNA (eDNA) survey coupled with conven-
tional electrofishing, focusing on major river basins in Evia Island in proximity to its
known occurrence in a single Evian basin (Manikiatiko stream). For comparison pur-
poses, we conducted eDNA sampling in several locations in the geographically closest
continental river basin, the Sperchios basin (Central Greece) which hosts the closely
related Barbus sperchiensis. Our results expand the known range of the Evia barbel
on Evia adding four new river basins, apart from its type locality (Manikiatiko stream
(EV3)). In a single Evian River, where the species had never been located before, there
was also a positive eDNA signal for Barbus sperchiensis within the same basin. The
research confirms the occurrence of Evia barbel in a wider geographical area, high-
lighting however the sensitive conservation status of the species due to its still very
narrow geographical distribution. The biogeographical implications of our study, as

well as potential conservation interventions, are discussed.
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more imperiled, with a twofold higher rate of decline compared

Globally, almost 30% of IUCN assessed Red Listed species are cur-
rently threatened with extinction (https://www.iucnredlist.org/);
mainly due to anthropogenic habitat degradation and alien species
impact, coupled with effects of climate change (Hooper et al., 2012;

Jari¢ et al., 2019; Sala et al., 2000). Freshwater vertebrates are even

to terrestrial or marine organisms (Dudgeon et al., 2006; McRae
et al., 2017; Reid et al., 2019). Accurate knowledge of the presence
and composition of threatened freshwater fish species populations
is critical for the implementation of proper management strategies
and for maximizing conservation success (Evans & Lamberti, 2018;
Penaluna et al., 2021; Ushio et al., 2018).
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Environmental DNA (eDNA), a molecular technique that relies
on the detection of DNA traces from tissues of organisms in their
environment, is currently at the forefront of aquatic conservation
efforts as a less labor intensive, less invasive, more cost effective
and more reliable monitoring method (especially for rare aquatic
species), when compared to conventional fish sampling methods
(Evans et al., 2017; Thomsen & Willerslev, 2015). Furthermore,
eDNA-based surveys can permit the more reliable identification of
target taxa compared with morphological identification that can be
difficult in the case of closely related and “cryptic” species (Evans &
Lamberti, 2018; Mauvisseau, Burian, et al., 2019). They can thus ulti-
mately resolve uncertainties related to taxonomy and species distri-
bution and often lead to revisions of the target species' range (Hobbs
et al., 2020; Rees et al., 2014; Thomsen et al., 2012).

The freshwater Evia barbel Barbus euboicus, is a characteristic
example of a fish species whose geographical distribution and pop-
ulation status remains unclear seventy years after its first descrip-
tion from a stream on Evia (Euboea) island (Manikiatiko stream,
eastern-central Evia; Stephanidis, 1950). This relatively small rhe-
ophilic barbel is restricted to Evia, a continental island running
parallel to the shores of Eastern Central Greece and hosting a
species-poor native fish fauna (Zogaris & Economou, 2017). Apart
from the Manikiatiko population, Barbus populations of northern
and central of Evia have been variously assigned subsequently ei-
ther to B. euboicus (Stephanidis, 1971; supported by a recent ge-
netic study, Kyralova et al., 2019) or to the more widely distributed
Barbus sperchiensis (Barbieri et al., 2015; Kottelat & Freyhof, 2007).
The complicated biogeographical puzzle is due both to species
misidentification (since solely morphological examination was
applied in the past) and changing nomenclature that has affected
several Barbus species in the Balkans (Economidis, 1989; Vavalidis
etal., 2019).

All previous authors agree that the Evia barbel is seriously threat-
ened (Freyhof et al., 2020). Barbus euboicus is listed as Critically
Endangered (CR) in the IUCN Red List of Threatened Species and the
Greek Red Data Book (Legakis & Maragou, 2009) and is a species of
EU conservation concern listed in Annex |l of the 92/43/EC Habitats
Directive (Barbieri et al., 2015). Recently, it has been included as one
of the five freshwater fish species that will be most impacted by cli-
mate change (Jari¢ et al., 2019). Thus, its genetic and geographical
isolation, coupled with its susceptibility to projected climate change,
render it one of the top priorities for species conservation in Greece
and Europe (Barbieri et al., 2015).

The aim of the current study was to delineate the exact geo-
graphical range of B. euboicus in Evia Island and in central Greece
comparatively with its congener, and the geographically closest
barbel species, B. sperchiensis using aquatic eDNA detection,
and to compare the efficacy of eDNA detection with abundance
data obtained through standardized electrofishing. Based on our
results, we discuss the biogeographical implications of our find-
ings, prioritize B. euboicus habitats for conservation and discuss
the prospects of promoting future translocation/reintroduction
actions.

2 | MATERIALS AND METHODS
2.1 | Study areaand sample collection

Field work was conducted in August 2019 and January 2022, using
both conventional electrofishing and eDNA sampling, to obtain
data on Barbus populations in six basins in Evia Island (sites EV1-8,
Figure 1, Table 1) and in the Sperchios basin in Central Greece (sites
SP1-7, Figure 1, Table 1).

2.2 | Environmental DNA and fish sampling

At each location, three independent (max 1L) water samples were
collected (Table 1) using a sterile polypropylene ladle and placed
into a sterile plastic bag (Whirl-Pak® 1242mL Stand-Up Bag
Merck®). Samples from rivers consisted of pooling water subsam-
ples regularly sampled from across the width of the rivers, by mov-
ing upstream, in order to avoid disturbing the sediments. Samples
from each location were then filtered with a 50-mL syringe (ster-
ile Luer-Lock™ BD Plastipak™) through a sterile 0.45um Sterivex™
HV filter (Sterivex™ filter unit, HV with luer-lock outlet, Merck®,
Millipore®). Sterivex filters were then immediately fixed with 2mL
of absolute ethanol as Buffer and stored at room temperature
(range 11-20°C) until the end of the fieldtrip Sterile equipment and
disposable nitrile gloves were used during the sampling process and
replaced at each location to avoid contamination. Samples were
subsequently transported on dry ice to the United Kingdom (max.
8days after collection, including journey time by air) and stored at
-80°C prior to DNA extraction.

Following eDNA water sample collection, fish data were col-
lected using standardized electrofishing used widely in the EU
WEFD procedure in Greece (method details provided in Zogaris
et al., 2018). Electrofishing was conducted during daylight hours
as the species are diurnal, with an EFKO electrofishing DC unit
(Honda 7 kVA generator, 150m cable, 1.5m anode pole, 6A DC
output, voltage range 300-600V). The sampling team consisted
of three members, one operator of the anode, one netter collect-
ing the stunned fish and one data recorder/operator of the dead-
man key. Briefly, a single electrofishing pass was conducted at a
section of the target stream of approx. 100 m without using stop
nets, since the fished section was usually demarcated by physi-
cal boundaries, such as riffles or small barriers, to minimize fish
escape during electrofishing. In all cases, effort was made by the
survey team to sample in a near-complete manner, that is, thor-
oughly sampling the entire river channel and covering all avail-
able instream habitats in order to get a representative sample
of the fish community. The fished area was carefully estimated
in order to calculate fish density values, expressed as number of
fish caught/m? fished area. Captured fish were identified to spe-
cies level (nomenclature following Barbieri et al., 2015), counted
and then released into the water. Fin clips from the target spe-
cies were obtained from individuals caught at their type localities
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FIGURE 1 Sites sampled in Evia Island (six basins, sites EV1-8) and in Central Greece (Sperchios basin, sites SP1-7) targeting barbel

populations (in 2019 and 2022), with eDNA results for B. sperchiensis and B. euboicus, and fishing results for Barbus sp. Red circles represent

sampling sites, blue lines main water bodies in Evia and the Sperchios basin. Yellow pie charts represent eDNA detection of B. sperchiensis,
red pie charts eDNA detection of B. euboicus, and orange pie charts barbel detection through electrofishing. In SP1 and 2, no fishing was

performed due to high depth and/or salinity.

(B. euboicus: EV3; B. sperchiensis: SP4) and anesthetized with clove
oil before being rereleased. Fin clips were also taken from the
following sympatric species: Gambusia holbrooki; Pseudorasbora
parva; Squalius vardarensis; Pungitius hellenicus; Alburnoides econ-
omoui, Gasterosteus gymnurus and Pelasgus marathonicus. These
were used for assay validation to check for species specificity.

At each sampling site, a series of physico-chemical and habi-
tat parameters were recorded. Specifically, conductivity (uS/cm),
salinity (ppt), dissolved oxygen (mg/L), pH, and water tempera-
ture (°C) were recorded in situ using a portable multiparameter
Aquaprobe AP-200. Depth was recorded with a probe, while water
flow was estimated visually, in a semi-quantitative way, using a six-
class system (<0.1m/s, 0.1-0.25m/s, 0.25-0.5m/s, 0.5-0.75m/s,
0.75-1, >1m/s). Other habitat characteristics determined were
mean wetted width (m), shadedness (%), substrate coarseness,
that is, 263 mm (%), riparian vegetation cover (%), and aquatic veg-
etation cover (%). Finally, the percentage of different habitat types
sampled, that is, pool, glide, run, and pool, were also recorded for
each study site.

2.3 | Environmental DNA analysis

Methods largely followed those described in Mauvisseau
et al. (2020) with some adaptations. Species-specific primers and
probes were designed using pre-existing sequences available via
GenBank and targeting the cytochrome B gene (CytB) of Barbus eu-
boicus (Stephanidis, 1950) and cytochrome C oxidase subunit 1 (COI)
of Barbus sperchiensis (Stephanidis, 1950). The primers and probe
were developed using the NCBI Primer-BLAST function (https://
blast.ncbi.nlm.nih.gov/Blast.cgi; Ye et al., 2012) and the freely avail-
able online tool PrimerQuest™ (https://eu.idtdna.com/pages/tools/
primerquest).

Assay specificity was tested in silico against DNA sequences re-
trieved from the NCBI database (National Centre for Biotechnology
Information; https://www.ncbi.nlm.nih.gov/) from 29 fish species
known to be and/or potentially present in the same ecosystems with
the targeted organisms (see Table S1 in the supplementary informa-
tion). The primers, probes and the sizes of the fragments amplified
are provided in the supplementary information (Table S2) along with
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TABLE 1 Sampling sites and basins (in 2019 and 2022), fishing detection for barbel (densities, inds/m?), eDNA detection (number of

positive gPCR replicates for B. sperchiensis and B. euboicus.

Barbus sp.
Site Basin Region Date (inds/m?)
EV1 Lilas str. Evia island 26/08/19 1.30

EV2 Xondros str. Evia island 26/08/19  0.00

EV3 Manikiatiko Evia island 27/08/19  AMB
str.

EV4 Evia island 27/08/19  0.19

EV5 Messapios str.  Evia island 17/01/22  0.15

EVé Evia island 17/01/22  0.00

EV7 Kokkinomilia Evia island 28/08/19  0.09
str.

EV8 Istiaia str. Evia island 28/08/19 AMB

SP1 Sperchios R. Central Greece 18/01/22 NP

SP2 Central Greece  18/01/22 NP

SP3 Central Greece  19/01/22  0.00
SP4 Central Greece ~ 29/08/19  0.23
SP5 Central Greece  29/08/19  0.09
SP6 Central Greece  18/01/22  0.40
SP7 Central Greece  18/01/22  0.01

B. sperchiensis B. euboicus  Volume Temp Aq
eDNA eDNA (mL)/R pH (°C) Veg
0/12 9/9(3,3,3) 1000 8.04 23.50 25
0/12 0/9 1000 7.55 2240 5
0/12 6/9(3,2,1) 1000 7.89 2040 -
0/12 4/9(2,2,0) 1000 7.25 19.80 28
3/12(2,1,0) 9/9(3,3,3) 1000 8.14 1240 O
0/12 6/9(3,2,1) 1000 7.88 12.31 15
0/12 5/9(3,2,0) 1000 8.29 18.10 40
0/12 8/9(3,3,2) 1000 8.19 2080 O
9/12 (4,3,2) 0/9 300 7.85 8.38
2/12(1,1,0) 0/9 920 7.53 15.88 50
10/12 (4,4,2) 0/9 1000 7.95 7.97 30
12/12 (4,4,4) 0/9 1000 792 22.20 14
0/12 0/9 1000 7.85 1717 75
6/12 (4,2,0) 0/9 850 7.90 13.11 0
3/12(2,1,0) 0/9 1000° 7.87 11.81 24

Note: Value in brackets is the number of qPCR positives in each field replicate. Volume of water sampled for each field replicate (Volume (mL)/R), field
pH, water temperature measurements, and coverage of aquatic vegetation are also provided for each location.

Abbreviations: AMB, non-quantitative fishing performed, confirming the presence of a barbel species; NP, no fishing performed.

#1000+ 1000+ 500 mL filtered.

details of their alignment with those non-target species later used for
in vitro validation (Table S3). Following in silico validation, the specific-
ity of each assay was tested in vitro with qPCR using DNA extracted
from the following co-occurring species: Alburnoides economoui, B.
euboicus, B. sperchiensis, Gambusia holbrooki, Gasterosteus gymnurus,
Pelasgus marathonicus, and Squalius vardarensis. DNA was extracted
from tissue samples of these species using the Qiagen DNeasy®
Blood and Tissue Kit following the manufacturer's instructions.

eDNA was extracted from the filters with the Qiagen DNeasy®
Blood and Tissue Kit, following the extraction workflow for Sterivex
filters outlined in Spens et al. (2017). Extraction of eDNA samples
was performed in a separate clean PCR-free room (different than
that used for extraction of the tissue samples identified above).

Primer specificity was assessed using PCR before conducting
gPCR. gPCR reactions were performed on an ABI StepOnePlus™
Real-Time PCR (Applied Biosystems). The specificity of each assay
was further confirmed by gqPCR using two replicates of DNA ex-
tracted from the different individuals of the species mentioned
above. qPCR protocols and conditions were the same across all tar-
get species. These consisted of a 15pL final volume, using 7.5 uL of
gPCRBIO Probe Mix Hi-ROX (PCRBiosystems), 0.3 uL of each primer,
0.15puL of probe, 4.75puL of ddH20, and 2pL of extracted DNA.
Concentrations of primer and probe were 10nML™. The reactions
were run on a fast presence/absence test using the following cycling
parameters: 2 min denaturation at 95°C, followed by 45 cycling steps
of 5sat 95°C and 20s at 61°C (after Weldon et al., 2020).

Each PCR plate included a prepared serial dilution of standard
of genomic DNA, extracted from the target species' tissue using the
protocol described earlier, in triplicate. The concentration of the stan-
dard was confirmed using a Qubit 4.0 Fluorometer (Thermo Fisher
Scientific). The standards, typically seven per plate, provide a regres-
sion line from which the unknown quantities of the DNA extracts
can be estimated. A positive result was recorded for each sample if
amplification reached the Ct threshold in one or more of the PCR
replicates. The dilution series ranged from 10 t0 1078 using ten rep-
licates per plate per dilution step allowing for the assessment of the
limit of detection (LOD) and limit of quantification (LOQ) as detailed
in Klymus et al. (2020). All eDNA samples were analyzed using three
field replicates, B. sperchiensis samples were each analyzed with four
technical replicates (overall number of replicates=twelve per loca-
tion). The number of technical replicates was decreased to three per
field replication for B. euboicus due to good levels of inter-sample
consistency within PCR replicates (overall number of replicates=nine
per location). Each gPCR plate also contained three replicates of six
dilution points ranging from 1073 to 1078 as positive control and three
negative controls using DNA-free water in place of the sample.

2.4 | Statistical analysis

We used the RShiny app “eDNA 1.0" (Diana et al., 2021), which im-
plements the Bayesian occupancy modeling framework introduced
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by Griffin et al. (2020), to generate estimates of the probability of site
occupancy (y) and detection during field sampling () and laboratory
testing (p), including false-positive and false-negative detections for
both target species. This provides estimates of the probability of tar-
get species' DNA being present in samples from sites which are oc-
cupied (6,) and unoccupied (0,,) as well as the probability of target
species' DNA being present in a gPCR replicate when taken from
sites which are occupied (p,,) and unoccupied (p,,). False negatives
from the field and laboratory samples are given by 1-6,, and 1-p,,
respectively. All other modeling settings were left as default values
as recommended by the RShiny app creators (Diana et al., 2021).

Following removal of correlated covariates, pH, salinity, mean
flow, wetted width, substrate coarseness, and aquatic vegetation
cover were included as standardized covariates. There was not
enough variation in the amount of water filtered at each site to pro-
vide meaningful comparisons and therefore this was not included in
the analyses.

3 | RESULTS

In Evia Island, seven out of the eight sampling sites tested positive
for B. euboicus with eDNA (Figure 1, Table 1). These sites belong
to the basins of Lilas, Manikiatis, Messapios, Kokkinomilia (Rovies),
and Istiaia (Xirias) stream. Through electrofishing, the presence of
a barbel species was confirmed in six of these sites (in all the above
basins), but visual species identification was not possible. In one
stream in Evia (Mourteri str.) we confirmed the absence of a barbel
species, with both electrofishing and the eDNA sampling. All sites in
Evia Island, tested negative for B. sperchiensis with eDNA, with the
exception of one site (EV5 in Messapios R.) that gave a very strong
signal for B. euboicus but also a weaker signal for B. sperchiensis
(Figure 1, Table 1).

In the Sperchios basin, six out of the seven sampling sites tested
positive for B. sperchiensis with eDNA. In four out of those six sites
that electrofishing was performed, we were able to confirm the pres-
ence of a barbel species also through fish sampling. All Sperchios
sites tested negative for B. euboicus with eDNA (Figure 1, Table 1).

Dedicated to the study and use of environmental DNA for basic and applied sciences

Occupancy modeling indicated that the probability of occurrence
(w) was below the model's expected value of 0.5 for both species.
The probability of true positives was high for both species within
both field (¢,,) and laboratory (p,,) samples at or marginally below
the expected probability of 0.9 (range 0.838-0.900). The probability
of false positives was below the expected rate of 0.1 for both species
in field (0,,) and laboratory (p,,) samples (Table 2). Posterior condi-
tional probabilities of species absence given x positive gPCR repli-
cates (1 -w(x)) indicate that two positive PCR replicates represent a
probability of less than 25% represents a false positive for B. euboi-
cus, whereas for B. sperchiensis three positive PCR replicates are re-
quired to provide an occupancy probability less than 25% (Figure 2).
Therefore, positive records at sites where the number of PCR rep-
licates does not reach this threshold may need to be treated with
greater caution. All sites where B. euboicus was recorded reached
threshold in at least one field sample. For B. sperchiensis, three sites
(EV5, SP2, and SP7) do not reach the threshold.

4 | DISCUSSION

In the current study, the use of eDNA-based detection methods con-
firmed the occurrence of B. euboicus in three streams of northern
and central Evia Island with previously recorded barbel populations
(Lilas stream, Kokkinomilia stream, and Istiaia stream), as well as its
occurrence in the previously unrecorded drainage of Messapios in
central Evia island. In addition, the eDNA analysis clearly limited
the occurrence of B. euboicus to the island of Evia, as the geographi-
cally closest barbel populations of the Sperchios river basin tested
negative for B. euboicus. This indicated an advantage of eDNA-based
detection methods for surveying cryptic species, since the two
Barbus species are phenotypically very similar, save for minor idi-
osyncrasies in dorsal fin spine serration and scale counts (Kottelat
& Freyhof, 2007) which may vary with age and size, as well as with
habitat conditions.

The occupancy modeling approach we employed estimates occu-
pancy, false-positive and false-negative errors (Griffin et al., 2020).

The results suggested that our assay provided a low likelihood of

TABLE 2 Posterior summaries of the probabilities of occurrence and detection, including the probability of false positive and false

negatives, at both the field and laboratory stages of the analyses.

Parameter Expected
Occurrence (y) 0.5
Probability of true positives Field (0,,) 0.9

Lab (p,,) 0.9
Probability of false negatives Field (0,) 0.1

Lab (pq) 0.1
Probability of false positives Field (1-0,,)

Lab(1-p,,)

Barbus euboicus Barbus sperchiensis

Posterior 95% posterior Posterior 95% posterior
mean credible interval mean credible interval
0.352 0.092,0.685 0.252 0.055, 0.600
0.900 0.677,1.000 0.875 0.530, 0.988
0.850 0.691, 0.966 0.838 0.480, 1.000
0.061 0.007,0.210 0.068 0.008,0.216
0.043 0.004, 0.190 0.047 0.009,0.110
0.100 0.125

0.150 0.162
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FIGURE 2 Posterior conditional probability of species presence
given z positive qPCR replicates for B. euboicus (black circles) and
B. sperchiensis (open circles).

false positives in the field (6,,) and lab (p,,) with values for both
parameters being lower than the expected 10% for both species
(Table 2). This suggests that most detections were likely to be true
detections. However, the results for B. sperchiensis also indicate that
two or fewer qPCR positives per individual field replicate represent
greater than a 50% probability of this representing a false positive.
Therefore, some of the sites at which B. sperchiensis was recorded
solely by small number of gPCR positives, most notably EV5 and SP3
(Table 1), would benefit from further survey effort.

eDNA survey proved more efficient than electrofishing in pre-
cisely mapping the distribution of B. euboicus, as it detected the
species at two locations on the main stem of Messapios River, at
EV5 and the more upstream EVé6, whereas conventional fish sam-
pling failing to detect the species in the latter, possibly due to lower
population densities (Penaluna et al., 2021) or because the elec-
trofishing survey occurred downstream of the population loci (e.g.
Shogren et al., 2017). The efficacy of the eDNA-based detection
method was also exemplified in the Sperchios basin by the detec-
tion of B. sperchiensis in site SP3 where both our (and previous) fish
sampling efforts have failed to detect the species. Conversely, short-
comings in the eDNA-based detection method were evident in the
non-detection of B. sperchiensis in SP5 where the species was caught
with electrofishing during our campaign. Failed detection using
eDNA or “false negative” errors could be caused by a variety of fac-
tors including methodological errors in the collection, extraction or
amplification of DNA or environmental factors such as the presence
of a greater concentration of DNA inhibitors, hydrological drivers
which may flush out eDNA or physiological factors which may have
temporarily decreased the local input of eDNA to a concentration
below the limit of detection (see Burian et al., 2021). It may be no-
table that, while no site covariates were found to have a significant
impact on detection rates with the occupancy modeling analysis, the
two sites with the highest coverage of aquatic vegetation (SP5: 75%
and SP2: 50%) yielded very little or no target species' DNA (Table 1).
Dense stands of aquatic vegetation have previously been posited
as a barrier to eDNA dispersal and hence a factor in the presence
of false negatives (e.g., Biggs et al., 2015), but its impacts have not,

to our knowledge, been systematically studied. It is possible that
the time between samples being collected and stored in the -80°C
freezer, allied to environmental temperature fluctuations, may have
impacted the integrity of DNA within the samples, but there appears
to be little evidence that the samples collected at the start of the
fieldwork sessions contained less DNA that those collected at the

end.

5 | BIOGEOGRAPHICAL IMPLICATIONS

There are still aspects of the distribution of barbels in Evia and cen-
tral eastern Greece that require careful biogeographical research;
the distributional data provided by the current survey introduce a
few new questions. The double positive eDNA signal (for B. euboicus
but also a weaker one for B. sperchiensis) at site EV5 in Messapios
stream is unexpected. The most parsimonious explanation is that
this is a false positive. The numbers of positive gPCR replicates
within each field replicate are low and do not individually provide an
occupancy probability greater than 50%. However, as more than one
field replicate provided positive gPCR amplification (see Table 1),
other explanations should be considered and the real presence of
B. sperchiensis at this location not totally discounted. One alterna-
tive explanation could be that this section of the river hosts both a
naturally occurring barbel population, as well as a translocated es-
tablished population. Due to the currently defined distribution of
B. euboicus one would consider the B. sperchiensis as the possible
translocated species. However, this is not clearly evident by the geo-
graphical position of the host site and the paleogeography of the
North Evia Gulf which provided the potential for past freshwater
connections between Evia and Central Greece's eastern coast drain-
ages. During the last glacial maximum, a former Pleistocene Lake
existed in the mid-section of the Northern Evian Gulf (Sakellariou
et al., 2007) and several rivers from both the mainland and the cur-
rent Evia island presumably drained into this common water body.
Since B. sperchiensis is the most widespread species on the oppo-
site mainland (in both the Spercheios and Pagasitikos Gulfs of the
Western Aegean Ecoregion), one may expect that this species would
be widespread on Evia's west and north coastal streams. In fact, this
was the former explanation which provided for the misidentification
of several populations on Evia Island purporting that B. euboicus be
isolated to the Manikiatis in the extreme eastern part of the island
(Kottelat & Freyhof, 2007). There is no parsimonious path to the ex-
planation of the current state of the two barbel species distributions
on Evia, since at three points across the North Evia Gulf, B. euboicus
dominates in Evia, that is, at Istiaia across from the Pagasiticus Gulf
entrance, at Messapios and Kokkionomilia across from the Sperchios
and other rivers of Eastern Central Greece. Interestingly the Lilas
river, which also hosts B. euboicus, has its current estuary in the
South Evia Gulf, a region which has no other barbel populations in
any other biogeographically related streams (Economou et al., 2007).
As in the North Evia Gulf, former drainages along the gulf, which
are now isolated, were connected and fish populations could merge
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even during the beginning of the Holocene, less than 10,000years
ago (Lykousis, 2009; Perissoratis & Conispoliatis, 2003). No other
native Barbus sp. exist anywhere in the southern part of the Western
Aegean ecoregion (Barbieri et al., 2015).

According to the currently accepted phylogeny B. euboicus is
closely related to B. peloponnesius (Geiger et al., 2014), a species
that has its distribution mainly west of the Pindos cordillera, in the
Peloponnese and western Greece. No populations of B. peloponne-
sius exist in the Western Aegean Ecoregion. Two general hypotheses
to explain the Barbus species distribution on Evia may be proposed:
(a) either the current distributions of the barbels are a product of
human translocations to a greater or lesser degree; and/or, (b) they
are a product of a high extinction rate and consequentially define
several isolated refugia. The rivers of Evia are of special interest
because long-term spring-fed perennial streams exist, and these
are known to host several endemic aquatic invertebrates (Zogaris
& Economou, 2017). The distributional data of the barbels on the
island is still incomplete and more detailed genetic work is required
to help answer and interpret the questions posed here. In taking a
precautionary approach toward biogenetic conservation we feel we
should currently define all of the island's Barbus populations as “nat-
ural” and consider Barbus euboicus as a conservation priority; further
genetic and biogeographic research should help clear the picture in
the near future.

6 | CONSERVATION OPTIONS

Barbels in Evia Island are found along rather short stretches of
streams. The stream flow is often interrupted by intermittent or
ephemerally flowing sections (e.g., over karstic limestone substrate),
by natural waterfalls and artificial barriers. Some river sections have
very low barbel population densities; documented from our observa-
tion at lower and mid sections of the Istiaia and Kokkinomilia streams.
It is, however, not unusual, that although there are adequate and suit-
able fish habitat areas in fairly large stream systems, these do not
currently host barbels (e.g., Kireas in Northern Evia and spring-fed
streams in Southern Evia) (Economou et al., 2007; and recent HCMR
surveys). All extant Evia barbel populations inhabit streams that have
human-induced water stress with extensive areas of varied flow re-
gimes, with water abstraction and artificial barriers to fish movement
constituting pressures on surviving populations and the main threats
to the species (Barbieri et al., 2015). Thus, specific water manage-
ment plans at the catchment scale should be drafted for these mixed
perennial-intermittent aquatic systems, fulfilling both the minimal
environmental flow (e-flow) requirements of the species, as well as
human water needs (Arthington et al., 2018; Pefas et al., 2014). As
in many parts of Greece, small artificial barriers such as road fords,
weirs, and bridge foundations may present chronic dispersal chal-
lenges for fish to move upstream or into tributaries which may locally
maintain adequate instream habitats for the species. Although these
small streams may not be threatened by large-scale water develop-
ment, such as hydropower (Freyhof et al., 2020), they are threatened
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by further water abstraction works (for irrigation and potable water)
and the effects of multiple stressors such as combined climatic, me-
teorological, and direct localized human-induced pressures (such
as increasing longitudinal fragmentation by barriers). Because of
the longitudinal fragmentation and poorly charted artificial barrier
problems (Panagiotou et al., 2021) it is not possible to apply species
distribution modeling or other spatial statistics tools to ascertain or
explore the localized distribution of each population per drainage
basin. The exact distributional and population data for each drainage
is an imperative for conservation planning.

Wide-ranging exploratory inventory, mapping and field moni-
toring of the water bodies hosting extant B. euboicus populations
should be conducted, both by conventional fish sampling methods
and eDNA, to delineate the exact upper and lower reach limits of
their habitats and identify “hotspots” for their conservation (Hobbs
et al., 2020). The hotspot and important areas inventory and assess-
ment will assist in the designation of new protected areas or support
special care where water management and other water-centered de-
velopment actions are being planned. A complete mapping of barbel
distribution will assist plans to restore longitudinal connectivity, since
many areas have small artificial barriers (Panagiotou et al., 2021).

Given the limited number of the stream systems currently host-
ing B. euboicus, an obvious conservation strategy is the translocation
of the species in other aquatic systems within the now extended
geographical range of the species in Evia Island, based on the current
study. However, prior to any translocation trial, a genetic variation
study at the population level should be conducted in order to identify
B. euboicus populations that are potentially in separate evolutionary
trajectories and thus should be treated as distinct conservation units
(CUs, Mamuris et al., 2005; Vogiatzi et al., 2014). A conservation
translocation also requires a detailed feasibility assessment prior
to implementation, to indicate the potential release water bodies
that fulfill several criteria related to several physical, environmental,
and biotic factors, issues related to the ecology and life history of
B. euboicus, as well as administrative, economic, and sociopolitical
issues (Kalogianni et al., 2023) It also requires the implementation of
the translocation according to the strict IUCN guidelines, following
population viability analysis to define optimal stocking density and
translocation frequency, as well as rigorous post-release monitoring
of the release water bodies with standardized methods to assess the
success of the translocation action (Berger-Tal et al., 2020; Cochran-
Biederman et al., 2015; Fischer & Lindenmayer, 2000; George
et al., 2009; Kalogianni et al., 2023). Due to the projected effects
of climate change flow variations (Jari¢ et al., 2019) and the cata-
strophic impacts of possible extreme drought phenomena, we urge

translocation feasibility studies for Barbus euboicus in Evia Island.

AUTHOR CONTRIBUTIONS

Eleni Kalogianni, Stamatis Zogaris, loannis Leris, Sofia Laschou,
and Brian Zimmerman contributed to study inception. All authors
contributed to survey design and data collection. Eleni Kalogianni
and Mark D. Steer contributed to data analysis and manuscript
preparation.

85US0 |7 SUOWWOD BAFes1D) 3|qedljdde auy Aq pauienob are Sajolie O ‘88N JO 3N oy A%eiqiT8ulUO /8|1 UO (SUORIPUOD-pU-SLUIB}/WOD A8 | WA RIq 1 U1 [UO//:SARY) SUORIPUOD pue W | 8U188S *[£202/50/0€] Uo Areiq)Tauliuo AB|IM ‘59 L AQ 821 EUPS/Z00T OT/I0p/Wwiod 8| Im Afe.q iUl |uo//SdY WO} Papeo|uMod ‘0 ‘E672£92



KALOGIANNI ET AL.

ﬂ_wl LEY: Environmental DNA

Op: >
Dedicated to the study and use of environmental DNA for basic and applied sciences

ACKNOWLEDGMENTS

Work for this study was conducted within the frame of projects
PACIM “Population assessment of two critically endangered
Greek fish species and range assessments of the highly invasive
mosquitofish and topmouth gudgeon” (2019-2020) and AFRESH
“Application of Innovative Methodologies for the Wide Range
Monitoring of Native and Alien Freshwater Fish of Greece” (2021-
2022) funded by the A.G. Leventis foundation through the Bristol
Zoological Society. HCMR has secured the necessary permit for
field work and fish tissue collection from the Greek Ministry of
Environment and Energy (permit Q4214653I18-©0M). The authors
wish to thank Yannis Kapakos, Konstantinos Fytilis and Petros
Kouraklis for assistance in field work.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Due to the potentially sensitive nature of the specific species locality
data, data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID

Mark D. Steer "= https://orcid.org/0000-0002-0528-2874

REFERENCES

Arthington, A. H., Kennen, J. G., Stein, E. D., & Webb, J. A. (2018). Recent
advances in environmental flows science and water management—
Innovation in the Anthropocene. Freshwater Biology, 63(8),
1022-1034.

Barbieri, R., Zogaris, S., Kalogianni, E., Stoumboudi, M. T., Chatzinikolaou,
Y., Giakoumi, S., Kapakos, Y., Kommatas, D., Koutsikos, N., V, T.,
Vardakas, L., & Economou, A. (2015). Freshwater fishes and lam-
preys of Greece: An annotated checklist. In Monographs on marine
sciences (Vol. 8(8), p. 130). Hellenic Center for Marine Research.

Berger-Tal, O., Blumstein, D. T., & Swaisgood, R. R. (2020). Conservation
translocations: A review of common difficulties and promising di-
rections. Animal Conservation, 23(2), 121-131.

Biggs, J., Ewald, N., Valentini, A., Gaboriaud, C., Dejean, T., Griffiths, R.
A., Foster, J., Wilkinson, J. W., Arnell, A., Brotherton, P., & Williams,
P. (2015). Using eDNA to develop a national citizen science-based
monitoring programme for the great crested newt (Triturus crista-
tus). Biological Conservation, 183, 19-28.

Burian, A., Mauvisseau, Q., Bulling, M., Domisch, S., Qian, S., & Sweet,
M. (2021). Improving the reliability of eDNA data interpretation.
Molecular Ecology Resources, 21(5), 1422-1433.

Cochran-Biederman, J. L., Wyman, K. E., French, W. E., & Loppnow,
G. L. (2015). Identifying correlates of success and failure of na-
tive freshwater fish reintroductions. Conservation Biology, 29(1),
175-186.

Diana, A., Matechou, E., Griffin, J. E., Buxton, A. S., & Griffiths, R. A.
(2021). An RShiny app for modelling environmental DNA data:
Accounting for false positive and false negative observation error.
Ecography, 44(12), 1838-1844.

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z. |., Knowler,
D. J., Lévéque, C., Naiman, R. J., Prieur-Richard, A. H., Soto, D.,
Stiassny, M. L., & Sullivan, C. A. (2006). Freshwater biodiversity:
Importance, threats, status and conservation challenges. Biological
Reviews, 81(2), 163-182.

Economidis, P. S. (1989). Distribution pattern of the genus Barbus (Pisces,
Cyprinidae) in the freshwaters of Greece. Travaux du Museum d'His-
torie naturelle Grigore Antipa, 30, 223-229.

Economou, A. N., Giakoumi, S., Vardakas, L., Barbieri, R., Stoumboudi,
M., & Zogaris, S. (2007). The freshwater ichthyofauna of Greece: An
update based on a hydrographic basin survey. Mediterranean Marine
Science, 8, 91-168.

Evans, N. T., & Lamberti, G. A. (2018). Freshwater fisheries assessment
using environmental DNA: A primer on the method, its potential,
and shortcomings as a conservation tool. Fisheries Research, 197,
60-66.

Evans, N. T., Shirey, P. D., Wieringa, J. G., Mahon, A. R, & Lamberti, G. A.
(2017). Comparative cost and effort of fish distribution detection
via environmental DNA analysis and electrofishing. Fisheries, 42(2),
90-99. https://doi.org/10.1080/03632415.2017.1276329

Fischer, J., & Lindenmayer, D. B. (2000). An assessment of the published
results of animal relocations. Biological Conservation, 96, 1-11.

Freyhof, J., Bergner, L., & Ford, M. (2020). Threatened Freshwater Fishes
of the Mediterranean Basin Biodiversity Hotspot: Distribution,
extinction risk and the impact of hydropower. EuroNatur and
RiverWatch, i-viii, 1-348. https://doi.org/10.7479/c6d4-2f73

Geiger, M. F., Herder, F., Monaghan, M. T., Almada, V., Barbieri, R.,
Bariche, M., Berrebi, P., Bohlen, J., Casal-Lopez, M., Delmastro, G.
B.,&Denys, G. P.(2014). Spatial heterogeneity in the Mediterranean
Biodiversity Hotspot affects barcoding accuracy of its freshwater
fishes. Molecular Ecology Resources, 14(6), 1210-1221.

George, A. L., Kuhajda, B. R., Williams, J. D., Cantrell, M. A., Rakes, P. L., &
Shute, J. R.(2009). Guidelines for propagation and translocation for
freshwater fish conservation. Fisheries, 34(11), 529-545.

Griffin, J. E., Matechou, E., Buxton, A. S., Bormpoudakis, D., & Griffiths,
R. A.(2020). Modelling environmental DNA data; Bayesian variable
selection accounting for false positive and false negative errors.
Journal of the Royal Statistical Society: Series C (Applied Statistics),
69(2), 377-392.

Hobbs, J., Adams, I. T., Round, J. M., Goldberg, C. S., Allison, M.
J., Bergman, L. C., Mirabzadeh, A., Allen, H., & Helbing, C.
C. (2020). Revising the range of Rocky Mountain tailed frog,
Ascaphusmontanus, in British Columbia, Canada, using environ-
mental DNA methods. Environmental DNA, 2(3), 350-361. https://
doi.org/10.1002/edn3.82

Hooper, D. U., Adair, E. C., Cardinale, B. J., Byrnes, J. E. K., Hungate, B. A,,
Matulich, K. L., Gonzalez, A., Duffy, J. E., Gamfeldt, L., & O'Connor,
M. 1. (2012). A global synthesis reveals biodiversity loss as a major
driver of ecosystem change. Nature, 486, 105-108. https://doi.
org/10.1038/nature11118

Jari¢, I., Lennox, R. J., Kalinkat, G., Cvijanovi¢, G., & Radinger, J. (2019).
Susceptibility of European freshwater fish to climate change:
Species profiling based on life-history and environmental charac-
teristics. Global Change Biology, 25(2), 448-458.

Kalogianni, E., Koutsikos, N., Karaouzas, |., Smeti, E., Kapakos, Y.,
Laschou, S., Dimitriou, E., & Vardakas, L. (2023). REVIVE: A feasi-
bility assessment tool for freshwater fish conservation transloca-
tions in Mediterranean rivers. Science of the Total Environment, 862,
160595.

Klymus, K. E., Merkes, C. M., Allison, M. J., Goldberg, C.S., Helbing, C. C.,
Hunter, M. E., Jackson, C. A, Lance, R. F., Mangan, A. M., Monroe,
E. M., & Piaggio, A. J. (2020). Reporting the limits of detection and
quantification for environmental DNA assays. Environmental DNA,
2(3), 271-282.

Kottelat, M., & Freyhof, J. (2007). Handbook of European freshwater fishes
(p. 646). Kottelat and Freyhof.

Kyralova, E., Sanda, R., Zogaris, S., Dolejs, P., & Vuki¢, J. (2019). The
enigma of Barbus euboicus resolved. Proceedings of the International
Congress on the Zoogeography and Ecology of Greece and Adjacent
Regions, 14, 95.

85US0 |7 SUOWWOD BAFes1D) 3|qedljdde auy Aq pauienob are Sajolie O ‘88N JO 3N oy A%eiqiT8ulUO /8|1 UO (SUORIPUOD-pU-SLUIB}/WOD A8 | WA RIq 1 U1 [UO//:SARY) SUORIPUOD pue W | 8U188S *[£202/50/0€] Uo Areiq)Tauliuo AB|IM ‘59 L AQ 821 EUPS/Z00T OT/I0p/Wwiod 8| Im Afe.q iUl |uo//SdY WO} Papeo|uMod ‘0 ‘E672£92


https://orcid.org/0000-0002-0528-2874
https://orcid.org/0000-0002-0528-2874
https://doi.org/10.1080/03632415.2017.1276329
https://doi.org/10.7479/c6d4-2f73
https://doi.org/10.1002/edn3.82
https://doi.org/10.1002/edn3.82
https://doi.org/10.1038/nature11118
https://doi.org/10.1038/nature11118

KALOGIANNI ET AL.

Environmental DNA

Legakis, A., & Maragou, P. (2009). The red data book of threatened animals
of Greece (p. 528). Hellenic Zoological Society (in Greek).

Lykousis, V. (2009). Sea-level changes and shelf break prograding se-
quences during the last 400ka in the Aegean margins: Subsidence
rates and palaeogeographic implications. Continental Shelf Research,
29(16), 2037-2044.

Mamuris, Z., Stoumboudi, M. T., Stamatis, C., Barbieri, R., & Moutou,
K. A. (2005). Genetic variation in populations of the endangered
fish Ladigesocypris ghigii and its implications for conservation.
Freshwater Biology, 50(9), 1441-1453.

Mauvisseau, Q., Burian, A., Gibson, C., Brys, R., Ramsey, A., & Sweet,
M. (2019). Influence of accuracy, repeatability and detection prob-
ability in the reliability of species-specific eDNA based approaches.
Scientific Reports, 9(1), 580. https://doi.org/10.1038/s41598-018-
37001-y

Mauvisseau, Q., Kalogianni, E., Zimmerman, B., Bulling, M., Brys, R., &
Sweet, M. (2020). eDNA-based monitoring: Advancement in man-
agement and conservation of critically endangered killifish species.
Environmental DNA, 2(4), 601-613.

McRae, L., Deinet, S., & Freeman, R. (2017). The diversity-weighted living
planet index: Controlling for taxonomic bias in a global biodiver-
sity indicator. PLoS One, 12(1), e0169156. https://doi.org/10.1371/
journal.pone.0169156

Panagiotou, A., Zogaris, S., Dimitriou, E., Mentzafou, A., & Tsihrintzis, V.
A. (2021). Anthropogenic barriers to longitudinal river connectivity
in Greece: A review. Ecohydrology & Hydrobiology, 22(2), 295-309.
https://doi.org/10.1016/j.ecohyd.2021.10.003

Penaluna, B. E., Allen, J. M., Arismendi, |., Levi, T., Garcia, T. S., & Walter,
J. K. (2021). Better boundaries: Identifying the upper extent of fish
distributions in forested streams using eDNA and electrofishing.
Ecosphere, 12(1), e03332.

Perissoratis, C., & Conispoliatis, N. (2003). The impacts of sea-level
changes during latest Pleistocene and Holocene times on the mor-
phology of the lonian and Aegean seas (SE Alpine Europe). Marine
Geology, 196(3-4), 145-156.

PeRas, F. J., Juanes, J. A., Alvarez-Cabria, M., Alvarez, C., Garcia, A.,
Puente, A., & Barquin, J. (2014). Integration of hydrological and
habitat simulation methods to define minimum environmental
flows at the basin scale. Water and Environment Journal, 28(2), 252-
260. https://doi.org/10.1111/wej.12030

Rees, H. C., Maddison, B. C., Middleditch, D. J., Patmore, J. R. M., Gough,
K. C., & Crispo, E. (2014). The detection of aquatic animal species
using environmental DAN—a review of eDNA as a survey tool in
ecology. Journal of Applied Ecology, 51, 1450-1459.

Reid, A. J., Carlson, A. K., Creed, |. F,, Eliason, E. J., Gell, P. A., Johnson,
P. T. J, Kidd, K. A., MacCormack, T. J., Olden, J. D., Ormerod, S. J.,
Smol, J. P, Taylor, W. W., Tockner, K., Vermaire, J. C., Dudgeon, D.,
& Cooke, S. J. (2019). Emerging threats and persistent conserva-
tion challenges for freshwater biodiversity. Biological Reviews, 94(3),
849-873. https://doi.org/10.1111/brv.12480

Sakellariou, D., Rousakis, G., Kaberi, H., Kapsimalis, V., Georgiou, P.,
Kanellopoulos, T., & Lykousis, V. (2007). Tectono-sedimentary
structure and Late Quaternary evolution of the North Evia Gulf
basin, central Greece: Preliminary results. Bulletin of the Geological
Society of Greece, 40(1), 451-462.

Sala, O. E., Stuart Chapin, F.I.I. 1., Armesto, J. J., Berlow, E., Bloomfield, J.,
Dirzo, R., Huber-Sanwald, E., Huenneke, L. F., Jackson, R. B., Kinzig,
A., & Leemans, R. (2000). Global biodiversity scenarios for the year
2100. Science, 287(5459), 1770-1774.

Shogren, A. J,, Tank, J. L., Andruszkiewicz, E., Olds, B., Mahon, A. R.,
Jerde, C. L., & Bolster, D. (2017). Controls on eDNA movement in
streams: Transport, retention, and resuspension. Scientific Reports,
7(1), 1-11.

Spens, J., Evans, A. R, Halfmaerten, D., Knudsen, S. W., Sengupta, M. E.,
Mak, S. S. T., Sigsgaard, E. E., & Hellstrém, M. (2017). Comparison

Open Access
Dedicated to the study and use of environmental DNA for basic and applied sciences

of capture and storage methods for aqueous macrobial eDNA
using an optimized extraction protocol: Advantage of enclosed
filter. Methods in Ecology and Evolution, 8, 635-645. https://doi.
org/10.1111/2041-210X.12683

Stephanidis, A. (1950). Contribution a I'etude des poissons d'eau douce
de la Grece. Praktika Akadimias Athinon, 18, 200-210.

Stephanidis, A. (1971). On some freshwater fish of Greece. Biologia Gallo-
Hellenica, 3(2), 213-241 (in Greek, English & French summaries).

Thomsen, P. F., Kielgast, J. O. S., Iversen, L. L., Wiuf, C., Rasmussen, M.,
Gilbert, M. T. P., Orlando, L., & Willerslev, E. (2012). Monitoring
endangered freshwater biodiversity using environmental DNA.
Molecular Ecology, 21(11), 2565-2573.

Thomsen, P. F., & Willerslev, E. (2015). Environmental DNA—an emerg-
ing tool in conservation for monitoring past and present biodiver-
sity. Biological Conservation, 183, 4-18. https://doi.org/10.1016/j.
biocon.2014.11.019

Ushio, M., Murakami, H., Masuda, R., Sado, T., Miya, M., Sakurai, S.,
Yamanaka, H., & Minamoto, T. (2018). Quantitative monitoring of
multispecies fish environmental DNA using high-throughput se-
quencing. Metabarcoding and Metagenomics, 2, €23297.

Vavalidis, T., Zogaris, S., Economou, A. N., Kallimanis, A. S., & Bobori,
D. C. (2019). Changes in fish taxonomy affect freshwater bio-
geographical regionalisations: Insights from Greece. Water, 11(9),
1743.

Vogiatzi, E., Kalogianni, E., Zimmerman, B., Giakoumi, S., Barbieri,
R., Paschou, P., Magoulas, A., Tsaparis, D., Poulakakis, N., &
Tsigenopoulos, C. S. (2014). Reduced genetic variation and
strong genetic population structure in the freshwater killifish
Valencia letourneuxi (Valenciidae) based on nuclear and mi-
tochondrial markers. Biological Journal of the Linnean Society,
111(2), 334-349.

Weldon, L., O'Leary, C., Steer, M., Newton, L., Macdonald, H., & Sargeant,
S. L. (2020). A comparison of European eel Anguilla Anguilla eDNA
concentrations to fyke net catches in five Irish lakes. Environmental
DNA, 2(4), 587-600.

Ye, J.,, Coulouris, G., Zaretskaya, |., Cutcutache, |., Rozen, S., & Madden, T.
L.(2012). Primer-BLAST: A tool to design target-specific primers for
polymerase chain reaction. BMC Bioinformatics, 13, 134.

Zogaris, S., & Economou, A. N. (2017). The biogeographic characteristics
of the river basins of Greece. In N. Skoulikidis, |. Karaouzas, & E.
Dimitriou (Eds.), The Rivers of Greece: Evolution, current status and
perspectives the handbook of environmental chemistry (pp. 53-95).
Springer-Verlag.

Zogaris, S., Tachos, V., Economou, A. N., Chatzinikolaou, Y., Koutsikos, N.,
& Schmutz, S. (2018). A model-based fish bioassessment index for
Eastern Mediterranean rivers: Application in a biogeographically
diverse area. Science of the Total Environment, 622, 676-689.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Kalogianni, E., Zogaris, S., Leris, |.,
Laschou, S., Zimmerman, B., Meek, S., Sargeant, S., Weldon,
L., & Steer, M. D. (2023). New boundaries: Redefining the
geographical range of a threatened fish through
environmental DNA survey. Environmental DNA, 00, 1-9.
https://doi.org/10.1002/edn3.428

85US0 |7 SUOWWOD BAFes1D) 3|qedljdde auy Aq pauienob are Sajolie O ‘88N JO 3N oy A%eiqiT8ulUO /8|1 UO (SUORIPUOD-pU-SLUIB}/WOD A8 | WA RIq 1 U1 [UO//:SARY) SUORIPUOD pue W | 8U188S *[£202/50/0€] Uo Areiq)Tauliuo AB|IM ‘59 L AQ 821 EUPS/Z00T OT/I0p/Wwiod 8| Im Afe.q iUl |uo//SdY WO} Papeo|uMod ‘0 ‘E672£92


https://doi.org/10.1038/s41598-018-37001-y
https://doi.org/10.1038/s41598-018-37001-y
https://doi.org/10.1371/journal.pone.0169156
https://doi.org/10.1371/journal.pone.0169156
https://doi.org/10.1016/j.ecohyd.2021.10.003
https://doi.org/10.1111/wej.12030
https://doi.org/10.1111/brv.12480
https://doi.org/10.1111/2041-210X.12683
https://doi.org/10.1111/2041-210X.12683
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1002/edn3.428

	New boundaries: Redefining the geographical range of a threatened fish through environmental DNA survey
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area and sample collection
	2.2|Environmental DNA and fish sampling
	2.3|Environmental DNA analysis
	2.4|Statistical analysis

	3|RESULTS
	4|DISCUSSION
	5|BIOGEOGRAPHICAL IMPLICATIONS
	6|CONSERVATION OPTIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


