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Abstract

Sturgeon populations are declining worldwide and are the target of e@ive conserva-
tion efforts. Addressed in several pieces of legislation, sturgeons have received consider-
able attention as flagship or umbrella species. Despite the need for a better understanding
of the distribution and population status, the use of traditional sampling methods failed
in the past, thereby hampering reliable assessments, a prerequisite for conservation. Here,
we describe the development and application of an environmental DNA (eDNA) metabar-
coding approach for detecting rare sturgeons in large rivers. Exemplarily, we developed
a reference database for five native Danube sturgeons (Acipenser stellatus, Acipenser
gueldenstaedtii, Acipenser ruthenus, Acipenser nudiventris, and Huso huso) and two non-
native species (Acipenser baerii and Acipenser transmontanus), assessed these ex situ, and
used eDNA as a detection tool along the entire length of the Danube (Europe, ~2850 km)
and major tributaries. In ex situ analyses, all assays yielded positive amplifications for the
assessed sturgeon species. In the Danube, the presence of A. ruthenus was confirmed at 14
of 29 sites (48.3%), and in 2 of 18 tributary sites (11.1%), providing the first comprehensive
large-scale biogeographical snapshot of this species. Relative number of reads assigned to
A. ruthenus varied between 0 and 2.5%, with sites registering positive detections being
clustered in 3 sections of the Danube. Our findings enabled us to confirm the advantages of
eDNA monitoring over traditional sampling methods for comprehensive whole-river snap-
shot studies of sturgeons conducted on a large geographical scale, and therefore we con-
sider it to be a promising approach for application in conservation measures, fisheries man-
agement, scientific studies, and adaptive management plans for sturgeons on a global scale.
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Introduction

Sturgeons are amongst the most ancient of extant fishes (traced back to approximately 200
MYA) and considered one of the most endangered group of vertebrates worldwide, with
more than 85% of the species being classified as either endangered or threatened (IUCN
2021). The precipitous decline in populations globally is closely linked to overharvest and
the loss of habitats associated with alterations in river functionality (e.g. Luk’Yanenko
et al. 1999). Facilitating recovery of the dwindling sturgeon populations requires an in-
depth understanding of their ecology and the main factors causing decline. Currently, how-
ever, there is still relatively little global scientific information available regarding the aute-
cology and population status of many sturgeon species, which can be ascribed to both the
lack of suitable sampling methods for their detection and the small sizes of remnant popu-
lations (Jari€ et al. 2018). Given the longevity of these species, functional extinction may
occur decades before they actually become extinct, and thus reliable methods that can be
used to confirm presence or absence, but also to assess species abundance and population
structure, are required to enable the timely initiation of rescue programs. Furthermore, con-
servation efforts are largely dependent on the provision of cost-effective precise data within
an ecologically and politically actionable timeframe (Thomsen and Willerslev 2015).

Traditional sampling methods often require concerted efforts and subsequently high
expenditure in order to gain sufficiently valuable data on species that may be on the brink
of extinction. This is particularly applicable in the case of large rivers, for which there are
few standardized sampling methods, owing to the often extremely variable environmental
conditions and the fact that all sampling techniques have associated limitations and biases
(Casselman et al. 1990; Hill et al. 2005). For example, typically only those sections of
rivers that have low flow are suitable for the use of bottom-set stationary gear, such as
gill nets, trap nets, long lines, and drifting gillnets, and consequently only these sections
tend to be sampled. Furthermore, boat electrofishing is limited by water transparency and
the depth limitation of the electric field, thereby restricting its application to shallow lit-
toral shorelines (CEN 2003). Given the various difficulties associated with sampling, the
probability of detecting these rare species using traditional methods is low and challeng-
ing (MacKenzie et al. 2005; Szaldky et al. 2014). Moreover, all the aforementioned meth-
ods are invasive or harmful to some extent, which is a particularly important considera-
tion in the case of rare and protected species on the brink of extinction. Additionally, for
assessments of the population status of riverine species, time-limited systematic surveys
are required, and quantitative monitoring of fish assemblages remains a difficult and costly
task, particularly in large rivers (Zajicek and Wolter 2018). Consequently, novel and inno-
vative techniques are required for sampling rare species in large rivers.

An alternative approach for monitoring rare or elusive species in such environments is
the use of environmental DNA (eDNA). Using this approach, water samples, as opposed
to physical specimens, can be used to identify those species that have recently been pre-
sent in a local environment, with genetic material consisting of intracellular and extracel-
lular DNA (e.g., skin cells, intestinal cells, scales, and/or mucus) being obtained directly
from environmental samples (Taberlet et al. 2012). Recently, this approach has frequently
been used to detect rare and imperiled freshwater fishes and entire fish communities (e.g.,
Czeglédi et al. 2021; Hénfling et al. 2016; Pont et al. 2018)). Importantly, sampling free
eDNA in water is non-invasive and facilitates species detection without the need to capture
individual specimens, thereby avoiding handling-related stress and mortality, which is of
particular importance when monitoring species that are either rare or elusive. Moreover,
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the technique is potentially faster, less expensive, and less destructive than traditional
sampling methods (Thomsen et al. 2012). In addition, a significant correlation has been
observed between species relative abundance and the number of standardized reads, ena-
bling a quantitative estimate of fish assemblage structures (hereafter referred to as relative
species abundance) (Pont et al. 2018; Rourke et al. 2022).0On the other hand, there are some
limitations in the applicability and informative power of the method, such as false nega-
tives and false positives, lack of information on population structure or the exact location
of a sturgeon (see also Discussion). To date, sturgeons have been targeted only in a very
limited number of eDNA studies in the USA (Mobile River Basin (Pfleger et al. 2016),
Sacramento River (Bergman et al. 2016), and Hudson River (Stoeckle et al. 2017)), Canada
[Winnipeg River (Yusishen et al. 2020)], and China [Yangtze River (Xu et al. 2018)]. In
contrast, there have been no eDNA-based studies conducted in the River Danube for any
of its native species. Moreover, given the aforementioned limitations, the use of traditional
sampling methods has resulted only in very limited catches of Danube sturgeons and pub-
lished data are sparse (e.g. Bartosiewicz et al. 2008; Paraschiv et al. 2006; Vassilev and
Pehlivanov 2003).

The Danube River Basin is home to 6 native sturgeon species. Historically, these have
ranged with decreasing abundance from the Black Sea to the subalpine region, also enter-
ing major tributaries (Hol¢ik 1989). The beluga sturgeon (Huso huso) and the stellate
sturgeon (Acipenser stellatus) still reproduce on a very small scale in the Lower Danube,
although since 2018, increasing numbers of natural hybrids with the more abundant sterlet
(Acipenser ruthenus) have been detected, tending to indicate further reductions in spawn-
ing animals (Ionescu, pers. comm.). Among the other species, available data for the Rus-
sian sturgeon (Acipenser gueldenstaedtii) indicate a cessation of active reproduction in
2010, and thus a high risk of future extinction (Friedrich et al. 2018; Lenhardt et al. 2006),
whereas the sterlet is encountered in the Middle and Lower Danube. In the Upper Danube
only a single reproductive population is known near the Austrian-German border, with
occasional catches in other sections (Friedrich et al. 2019). The ship sturgeon (Acipenser
nudiventris) is considered to be functionally extinct in the Danube (Jaric¢ et al. 2016; Rein-
artz and Slavcheva 2016) as only 3 specimens were caught in the period from 2000 to 2010
in the Middle Danube. It is, nevertheless, currently unclear as to whether isolated single
old individuals remain. The European sturgeon (Acipenser sturio) is considered extinct in
the Danube and the Black Sea Basin (Bacalbasa-Dobrovici and Holcik 2000).

Currently, species of Danube sturgeon are being targeted for protection by several legis-
lative documents and conservation directives, and with the exception of the sterlet (vulner-
able), all species have been listed as critically endangered on the International Union for
Conservation of Nature (IUCN) Red List of threatened species. Furthermore, these species
are listed in different annexes of the Cites Convention, Habitat Directive, and Bern and
Bonn Conventions. The action plans and projects of several organizations, including, the
EU Strategy for the Danube Region (EUSDR), International Commission for the Protec-
tion of the Danube River (ICPDR), Danube Sturgeon Task Force (DSTF), World Wide
Fund For Nature (WWF), the Pan-European Action Plan for Sturgeons (PANEUAP), and
various EU-funded LIFE and INTERREG projects, have endorsed sturgeons as flagship
species, as these fish are notably sensitive to environmental pressures. Accordingly, they
can function as valuable indicators of healthy rivers, and also serve as umbrella species for
fostering freshwater conservation (Carrizo et al. 2017).

To facilitate sustainable conservation initiatives, it is of the utmost importance to gain
a reliable understanding of the present status and development of remnant populations and
sound study results providing evidence-based data for making water management decisions
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(Meulenbroek et al. 2020). In the case of the Danube, however, suitable standardized meth-
ods for assessing the status of sturgeon populations have yet to be agreed upon and put in
place. Indeed, monitoring the populations of these fish presents innumerable challenges in
long, large international rivers such as the Danube, which has a total length of > 2800 km,
passes through or borders 10 countries, and discharges a volume of more than 6400 m* s~!
(Sommerwerk et al. 2009).

In this study, we aimed to (1) develop a reference database for several species of Danube
sturgeons, (2) validate eDNA metabarcoding primers ex-situ, and (3) utilize eDNA as a
new detection tool along the entire length of the River Danube (~2800 km) and its major
tributaries, in order to provide information on the distribution and relative abundance of
species in the community.

Methods
Study site and in situ eDNA sampling

For the purposes of the present study, we selected a total of 47 sites covering the entire
Danube catchment. The 29 sampling sites along the Danube itself were selected to pro-
vide a reasonably comparable distance between sites (average: 99.2 km, Sx: 26.0 km,
range: 38—149 km). By adopting sampling site distances of this scale, we could effectively
minimize the potential influence of eDNA transported from the site immediately upstream
(Pont et al. 2018). Furthermore, we ensured that no sampling sites were located closely
downstream of the confluence of a major tributary. During the same period, we collected
samples from 18 tributaries at distances of between 1 and 55 km upstream from their con-
fluence with the Danube. Sites were sampled between June 29 and July 19, 2019, with the
exception being a single site near Vienna (sampled August 6, 2019). Owing to no or low
DNA amplification from samples at the Inn River site, this site was re-sampled in May
2020, and for site “Hainburg”, samples collected in July 2017 were used. Further informa-
tion regarding the sampling sites (sampling date, location along the Danube, coordinates,
discharge and physico-chemical water paramters) is presented in Table S1. Sampling was
conducted under conditions of approximately mean discharge. At each site, 2 surface sam-
ples (less than 50 cm depth) were collected using a peristaltic pump, either by wading or
from a boat moving from shore to shore to facilitate an integrated sampling of the river
cross-section. The water was filtered (VigiDNA 0.45-pm crossflow filtration capsule; SPY-
GEN), using sterile disposable tubing. Having completed filtration, the water in the capsule
was drained and the capsule was filled with 80 mL of preservation buffer CL1 (SPYGEN)
to prevent eDNA degradation. The mean filtration time per sample and the mean volume of
water filtered were 22.34 min (3 to 40 min) and 28.73 L (3 to 40 L), respectively, depend-
ing on the clogging rate of the filtration capsule.

eDNA extraction, PCR amplification, and analysis

The procedure used for the eEDNA metabarcoding workflow (extraction, amplification using
“teleo” primers, high-throughput sequencing, and bioinformatic analysis) followed the pro-
tocol described by Pont et al. (2018). “Teleo” primers (Sequence 5'-3': forward: ACACCG
CCCGTCACTCT; reverse: CTTCCGGTACACTTACCATG) amplify a short fragment
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(roughly 60 bp) at the end of the 12S rRNA region (Valentini et al. 2016). The extracted
eDNA was PCR amplified, with 12 replicate reactions being performed for each sample.
A corresponding 12 libraries were prepared using the Fasteris MetaFast protocol and 12
paired-end sequencings (2 X 125 bp) were carried out in a Miseq sequencer (Illumina) at
Fasteris facilities, using a Miseq Kit v3 (Illumina) following the manufacturer’s instruc-
tions. To monitor for potential contaminants, 11 negative extraction controls and seven
negative PCR controls (ultrapure water) were amplified with 12 replicates and sequenced
in parallel with the aforementioned samples. Sequence reads were analyzed using programs
implemented in the OBITools package (Boyer et al. 2016). The forward and reverse reads
were assembled using the ILLUMINAPAIREDEND program, based on a minimum score
of 40 and retrieving only joined sequences. Subsequently, we assigned the reads to each
sample using NGSFILTER software and a separate data set was created for each sample by
splitting the original data set into several files using OBISPLIT. Thereafter, we analyzed
each sample individually prior to merging the taxon list for the final ecological analysis.
Strictly identical sequences were clustered together using OBIUNIQ. Sequences shorter
than 20 bp, or with fewer than 10 (or labeled “internal” by the OBICLEAN program)
occurrences were excluded. The taxonomic assignment of molecular operational taxo-
nomical units was performed using the ECOTAG program, based on a local “Sturgeon”
reference database (see later), the “Danubian” database, obtained from (Pont et al. 2022),
the database obtained from Valentini et al. (2016), and the sequences extracted from the
release 142 (standard sequences) of the ENA database (http://www.ebi.ac.uk/ena). Given
the incorrect assignment of a few sequences to the sample due to tag-jumps (Schnell et al.
2015), all sequences with a frequency of occurrence <0.001 per sequence and per library
were discarded. The data thus obtained were curated for Index-Hopping (MacConaill et al.
2018) with a threshold empirically determined for each sequencing batch using experimen-
tal blanks (i.e., combinations of tags not present in the libraries) for a given sequencing
batch between libraries. Relative species abundance refers to relative number of standard-
ized reads of all fish species as described in Pont et al. (2018). Total number of reads, %
positive PCR and number of reads for Acipenser ruthenus are given in Table S2. A total of
60 taxa known to occur in the Danube River Basin were detected. 48 taxa were assigned
at the species level, while 12 taxa assigned at a higher taxonomic level corresponded to a
potential of 26 known Danubian species, resulting in a maximum number of 74 species
detected. A full list of all species per site is available in Fig. 1 in Pont et al. (2021); and
in Suppl. Figure 1 in Pont et al. (2022). This value was comparable to the total number of
71 species captured in the TEF survey conducted during the same period (Bammer et al.
2021).

Reference database construction and ex situ validation

All reference specimens (Acipenser stellatus, Acipenser gueldenstaedtii, Acipenser ruthe-
nus, Acipenser nudiventris, Huso huso, Acipenser baerii, and Acipenser transmontanus)
were provided by the Institute of Hydrobiology and Aquatic Ecosystem Management,
University of Natural Resources and Life Sciences, Vienna, either from wild catches or
from a hatchery. Total DNA was extracted from 10 mg of muscle tissue, following the
protocol described in Valentini et al. (2016). The extracted DNA was amplified using the
eDNA metabarcoding protocol with “teleo” primers and was sequenced using a Miseq
sequencer at Fasteris facilities. The sequences thus obtained were analyzed using the
ObiTools package following the same protocol used for eDNA samples, excluding the
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500 km
—

Fig.1 Detections of Acipenser ruthenus based on eDNA water samples collected from the Danube and
selected tributaries. Green boxes indicate clusters of positive sites in 3 sections of the Danube (also see
Fig. 2)

taxonomical assignation step. The most abundant sequence was retrieved for reference
database construction.

At a hatchery station on the Danube Island in Vienna (https://life-sterlet.boku.ac.at/
index.php/the-project.html), 3 A. baerii (total biomass 180 g), 3 A. gueldenstaedtii (180 g),
2 A. nudiventris (210 g), 30 A. ruthenus (7500 g), and 2 H. huso (140 g) specimens have
been housed in a circular tank (volume =0.9 m®, water flow through 0.5 L/s) as a part of a
conservation breeding program. Using water samples collected from the tank, we evaluated
our sampling protocols and the reliability of the developed assay. A single 28-L water sam-
ple was collected as described above with a 20-min filtration time. eDNA metabarcoding
analysis was performed using the aforementioned procedure.

Results

All sequences obtained for reference database construction proved to be effective in distin-
guishing the respective target sturgeon species (Table 1). The identity between species was
found to vary from 98% between A. stellatus and A. ruthenus (a 1 base difference) to 92%
between A. stellatus and A. transmontanus (a 5 base difference). One species, A. guelden-
staedtii, was found to have 2 haplotypes differing by a single base.

In the ex situ experiment, all replicates showed a positive amplification, regardless
of species and fish abundance and biomass (Table 2). For species with a low number of
individuals (2 or 3) and biomass (140-210 g), we obtained between 2060 and 3780 DNA
reads, whereas for the more numerous A. ruthenus (30 ind., 7500 g), we obtained more
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Table 2 Detection of sturgeons through eDNA analyis in the ex situ experiment

Scientific name Number of Total biomass (g) Number of positive =~ Number
individuals replicates (/12) of DNA
sequences
Acipenser baerii 3 180 12 2 060
Acipenser gueldenstaedtii 3 180 12 3788
Acipenser nudiventris 2 210 12 3340
Acipenser ruthenus 30 7500 12 153 681
Huso huso 2 140 12 2252
Acipenser transmontanus 1* 60 2 25

*Specimen had been removed more than a week before eDNA sampling

than 150,000 DNA reads. Interestingly, we also detected the presence of A. transmontanus,
a single specimen of which had previously been present in the tank, although at the time of
sampling, had been removed more than a week previously. However, only 2 positive repli-
cates and 25 reads were obtained.

With respect to the in-situ monitoring, we confirmed positive amplifications for A.
ruthenus from 14 of the 29 sampling sites (48.3%) along the Danube, whereas samples
from 2 of the 18 tributary sampling sites (11.1%), the rivers Inn and Tisza (Fig. 1), yielded
positive identifications. Figure 2 presents data obtained for the relative species abundance
and percentage of positive PCR detections for A. ruthenus along the River Danube from
sea to source. Notably, sites registering a positive identification were found to cluster in 3
discrete sections of the Danube:

@ relative species share
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Fig.2 Relative species abundance and percentage positive PCR detection for Acipenser ruthenus along the
River Danube from source to sea (HPP: hydropower plant; green boxes indicate clusters of positive sites in
3 sections of the Danube)
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(1) The Danube delta (mainly Kilia Arm at Vylkove and Reni to Giurgeni);
(2) Upstream of the Iron Gate I (mainly at Tekija and Banatska Palanka); and
(3) From Budapest to Gab¢ikovo.

Where present, A. ruthenus accounted for an average relative species abundance of
0.45%, and 0.16% when including all sites. At only a single site did the relative species
abundance exceed 1%, namely, in the Danube Delta region at river kilometer (rkm) 18
(2.5%). The specific numbers of positive PCR replicates, as well as the total numbers of
DNA sequences, are presented in Table S2.

The presence of A. stellatus was detected in samples collected from the most down-
stream of the sampling sites (Kilia Arm Vylkove), whereas evidence of A. gueldenstaedtii
was obtained only at the River Inn site. However, no positive amplification of the other
targeted sturgeon species were detected in the field survey.

Discussion

The primers pairs used in this study are able to distinguish all tested Acipenseridae species.
In addition, analysis of samples collected ex situ, based on teleo markers and an eDNA
metabarcoding approach, are sufficiently sensitive for detecting the occurrence of the
endangered Danube sturgeons. The integrative sampling strategy we adopted in situ con-
firmed that this approach is suitable for the detection of sterlet and a first comprehensive
large-scale biogeographic snapshot is presented.

Reports regarding the detection of sturgeon species are generally very limited in terms
of temporal and spatial coverage. This is perhaps not surprising, given that sturgeons are
typically bottom-dweller that are nowadays exceptionally rare species in many large river
systems, and are exceedingly difficult to detect using traditional monitoring methods. Con-
sequently, most of the currently available data are derived from small-scale scientific stud-
ies (sometimes conducted over distances of only several hundred meters). Although fisher-
ies data can provide a broader picture on larger scales, they are of limited value in certain
respects (e.g. missing information on catch per unit effort, seasonal changes, gear consid-
eration, illegal fisheries) (Guy and Brown 2007). To the best of our knowledge, the only
systematic basin-wide traditional fish assessments of the Danube Basin have been the Joint
Danube surveys (conducted in summer 2007, 2013, and 2019) (Bammer et al. 2021, 2015;
Wiesner et al. 2008). However, despite the high sampling effort of more than 2500 electro-
fished stretches covering close to 3 Mio m?, only 3 sturgeon individuals at 2 sites have
been caught. The use of electrified benthic frame trawls and trammel nets did, nevertheless,
enable the capture of sturgeons from 3 additional sampling sites. These findings accord-
ingly serve to highlight that traditional sampling methods have hitherto failed to provide
a comprehensive picture regarding the distribution of sturgeon species across a large geo-
graphical scale along a longitudinal profile of the Danube. eDNA-based surveys have the
potential to overcome these limitations in aquatic systems that are generally unamenable to
monitoring using traditional methods (Jerde 2021), and can serve as an initial first step in
identifying key habitats and sampling sites for the targeted monitoring of population sizes
and recruitment.

However, although there is a growing body of literature highlighting the various merits
of eDNA sampling compared with traditional sampling (e.g. Czeglédi et al. 2021; Fediaje-
vaite et al. 2021; Hénfling et al. 2016; Pont et al. 2018; Valentini et al. 2016), particularly
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with respect to large water bodies and rare species, the technique does, nevertheless, have
certain drawbacks and restrictions. Capture-based methods have a distinct advantage in
that they can provide information relating to population structure and the condition of indi-
vidual fish, as well as the certainty of having physical specimens (Jerde 2021). In particu-
lar, information on population structure is of great importance for early detection of the
risk of functional extinction. Interpretation of the data must also take into account that
mtDNA markers, such as those used in the present study, cannot identify hybrids. A further
limitation is that identification of the presence of a species does not necessarily pinpoint
the exact location of fish, particularly in the case of flowing water bodies. Under conditions
of hydrological transport, eDNA essentially functions as a carrier of material containing
genetic information on the biodiversity of upstream catchments (Deiner et al. 2016). More-
over, detection distances can vary significantly from a few kilometers in small streams to
more than 100 km in large rivers (Pont et al. 2018 and references therein). In this regard,
this limitation could also be viewed as an advantage, as longer river sections can be inte-
grated in a single sample. A further issue of particular importance in the context of sur-
veys conducted for rare, low-density, or possibly extinct animals is the occurrence of false
positive (see further Darling et al. 2021) and false negative readings. For example, false
positives can arise in instances in which although target DNA is present in a sample, no
living organisms are present in the sampled system. In this case, eDNA could plausibly be
derived via contamination from external sources, such as sewage and wastewater discharge
or effluents from aquaculture farms upstream of the sampling site (Rees et al. 2014). This
is potentially applicable in the case of sturgeon species, particularly in the Lower Danube
catchment, in which sturgeon are traded in fish markets, served in restaurants, and cul-
tured in fish farms, and hence it is conceivable that DNA originating from these sources
might enter river systems. Conversely, false negatives (e.g., organisms in the system but
no detectable DNA) could, for example, arise if the amount of target DNA falls below
the limit of detection, DNA of non-target species interfere with the reaction, inhibitors are
present in the sample, or in the case of insufficient sampling effort (Rees et al. 2014). The
effect of eDNA concentration dilution is an issue of particular concern with respect to the
detection of rare species in large rivers.

However, when using eDNA metabarcoding in such environments, there are several
strategies that can be adopted to potentially enhance the probability of detection, notably,
increasing sample replication at either one or both of the following 2 levels: sample col-
lection and molecular replicates (e.g., number of PCR assays in the laboratory) (Ficetola
et al. 2015). In the case of detecting rare eDNA in samples with very poor molecular detec-
tion probability, an increase in molecular replicates is particularly advisable (Erickson
et al. 2019). Accordingly, in this study we performed 2 replicate samplings and 12 PCR
replicates (for each replicate sample), which is considered a more than sufficient replica-
tion effort for species with low detection probability (Ficetola et al. 2015). Increasing the
number of reference specimens could potentially increase the number of haplotypes per
species and therefore increase the probability of detection. Collecting a larger number of
samples would also be beneficial and is particularly important in the context of metabar-
coding studies that set minimum acceptance thresholds for the number of reads considered
indicative of a true positive signal. To overcome this issue, we performed an integrative
sampling strategy in space (an entire section of the river) and time (approx. half an hour)
and by collecting relatively large volumes of water (28.73 L per sample on average). Sys-
tematically collecting from a large number of sampling sites in this way would certainly
contribute to maximizing the likelihood of detection (Cantera et al. 2019). Furthermore,
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when practical, we would recommend sampling at sites with low stream flows and at differ-
ent times throughout the year.

Among the sturgeon species known to inhabit the Danube, the sterlet (A. ruthenus) is
the only species that is encountered occasionally throughout the entire length of the river
(Friedrich et al. 2019). However, despite being of a certain economic value in the Mid-
dle and Lower Danube catchments (Guti 2008; Vassilev and Pehlivanov 2003), the cur-
rent status of the population remains almost completely unknown, although the consensus
among most authors is that stocks are declining (e.g. Bacalbasa-Dobrovici 1991; Paraschiv
et al. 2006) and aging (Kubala et al. 2021). In the present study, approximately half of the
samples collected from the Danube yielded a positive signal for the sterlet, and notably, we
identified 3 areas with higher densities of this species, as indicated by a high frequency of
detection and a high number of reads (namely, the Danube Delta, Iron Gate to Belgrade,
and Budapest to Gabcikovo sections of the river). The highest rates of sterlet detection
were obtained for the Delta region of the Lower Danube (tkm 0-862) with a subsequent
reduction in detection until rkm 235. An absence of positive signals further upstream
between rkm 375 and 700 would tend to be indicative of a discontinuous longitudinal dis-
tribution of populations within River Danube. However, genetic analysis has indicated the
occurrence of gene flow and a low level of sub-structuring within the Danube (Cvijanovié
et al. 2017; Reinartz et al. 2011). The aforementioned stretch of the Danube has, nonethe-
less, experienced a marked reduction in sterlet stocks over the past few decades (Vassilev
and Pehlivanov 2003), and thus further research is needed to explain these results. In con-
trast, with the exception of a single site at rkm 1560, sterlet were successfully detected at
all sampling points in the Middle Danube (rkm 943-1790), with the highest relative spe-
cies abundances being recorded from the stretches between Iron Gates and Belgrade and
from Budapest to Gabc¢ikovo. Even so, recent massive declines have been reported for this
section of the Danube, which have mainly been attributed to the destruction of important
spawning habitats during construction of the Gab¢ikovo Dam (Guti 2008). In the Upper
Danube (rkm > 1790) sterlets were detected at only 2 sampling sites, namely, downstream
of Vienna (rkm 1920) in the tailwater of the Freudenau hydropower plant and in Deggen-
dorf (rkm 2282). Since the twentieth century, it appear that sterlets have been present in
the Upper Danube in only low numbers within a few fragmented populations (Friedrich
et al. 2019), most of which are actively supplemented by periodic re-stocking (Friedrich
2018). A similar practice is in place at Vienna, where a remnant wild population of an esti-
mated few dozen individuals is actively maintained by re-stocking (Friedrich et al. 2016).
The sample at Jochenstein with a known small reproductive population (Zauner 1997) did
not detect the species in this study. Although there are historical reports of the presence
of sterlet at the most upstream site at Deggendorf (Reinartz 2008 references therein; e.g.
Streibl 1920), their occasional detection by commercial fisheries in this area can probably
be ascribed to stocking activities. It should also be noted that the results consider only one
point in time and may be influenced by seasonal effects such as seasonal migration patterns
and reproduction.

With respect to the other sturgeon species, we successfully detected the targeted spe-
cies in water samples collected in an ex situ environment (see Table 2). Notably, in these
analyses, we also detected the presence of A. transmontanus, even though this species had
been removed from the sampled tank more than a week prior to collecting water samples.
In this regard, it has been established that eDNA can persist and remain detectable by PCR
for between a day and approximately one month after the removal of animals, depending
on environmental conditions (Barnes et al. 2014; Dejean et al. 2011). However, our analy-
sis of field samples revealed only single occurrences of A. stellatus (Danube Delta) and A.
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gueldenstaedtii (River Inn), the latter of which we suspect originated from rearing ponds
upstream of the sampling site. The fact that none of the other target species were detected,
would thus tend to indicate that these are either practically absent from the sampling sites
or that the amounts of DNA in samples were below the limit of detection of our current
methodology, both of which are plausible. Acipenser nudiventris is considered to be func-
tionally extinct in the Danube (Reinartz and Slavcheva 2016; Simonovic et al. 2005) and
all other anadromous species (H. huso, A. stellatus, and A. gueldenstaedtii) are currently
listed as critically endangered, occurring in the Lower Danube in only small numbers up to
the Iron Gate site (Friedrich et al. 2018). A further factor that might account for our inabil-
ity to detect these rare anadromous species is the timing of sampling. For Ponto-Caspian
sturgeons, there are 4 known patterns of migration with differing peaks that occur either in
spring or during fall (Berg 1934; Hol¢ik 1989). However, whereas sampling in July (sum-
mer, as conducted in the present study) may not be conducive to detecting the adults of
early-spawning species such as the beluga sturgeon, this timing should be ideal for detect-
ing the presence of either the young-of-the-year and/or mature adults of all the targeted
species.

One consistent request by several organizations, action plans, and projects that have tar-
geted sturgeon conservation is the establishment of a permanent and standardized monitor-
ing program (e.g. Friedrich 2018; Friedrich et al. 2018; ICPDR 2018; Sandu et al. 2013),
which would contribute to documenting changes in population dynamics for adaptive man-
agement. Such a permanent monitoring network could be readily implemented if based on
repeated eDNA sampling campaigns. In addition, this would also facilitate further studies
on seasonal migration patterns from the marine environment into rivers (see Stoeckle et al.
2017), as well as assessments of the efficacy of population support actions and the char-
acterization of key habitats, such as spawning, overwintering, or nursery areas, that could
subsequently be investigated and, if necessary, protected. Devising effective sampling
methods for monitoring contributes to meeting one of the urgent priority needs of support-
ing the informed management of freshwater biodiversity, which is a vital step in enhancing
coordinated action for its sustainable management and conservation (Maasri et al. 2021).

In conclusion, in this study, we demonstrate the practical utility of the eDNA metabar-
coding approach as a tool for monitoring sturgeon species in large rivers, as illustrated by
our survey of the entire Danube. Moreover, we present the first comprehensive whole-river
snapshot study of Acipenser ruthenus conducted on a large geographical scale. Given cer-
tain limitations of our current methodology, the sampling strategy will need to be modified
for the assessment of other endangered sturgeon species to counteract the dilution effect
of very low eDNA concentrations. An in-depth understanding of species distribution and
population dynamics is essential for developing adaptive conservation management plans,
and in this regard, the benefits of an eDNA approach for conservation efforts, fisheries
management, and scientific studies are numerous, particularly for rare bottom-dwelling
species inhabiting large rivers. Capture-based methods have the distinct advantage of being
able to provide information on population structure, which will make them indispensable
also in the future. However, techniques based on short species-specific eDNA fragments
are potentially more sensitive than traditional survey methods, as well as being more cost-
effective, non-invasive, and facilitating time-limited coverage of large geographical areas,
thereby enabling the implementation of conservation measures within an ecologically and
politically actionable time scale.
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