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Abstract: Sturgeons (Family: Acipenseridae) are among the most endangered taxa worldwide. Signif-
icant resources have been invested into the conservation of global sturgeon populations, including
the development of commercial aquaculture programs. These programs are intended to improve
conservation outcomes by reducing the harvest of wild populations while still meeting commercial
demand for sturgeon products. However, there is growing concern that commercial aquaculture
programs may contribute to wild population declines through continued, illegal harvest and the
escape and/or release of captive individuals into wild environments. These concerns may be par-
ticularly acute in the country of Georgia which, despite its small territory and altered landscape, is
a globally significant hotspot for sturgeon diversity. In order to understand the potential threat of
captive culture on wild sturgeon populations in Georgia, we used mitochondrial DNA sequencing
and microsatellite analyses to identify the species and origin of sturgeons encountered in commercial
settings. Microsatellite analyses showed significant differentiation between wild and commercial Rus-
sian sturgeon populations and highlighted the potential for wild-caught individuals to be present in
coastal markets in Georgia. The analyses of mitochondrial haplotypes also suggested that commercial
markets may contain sturgeon species that are not native to the region. Overall, our results suggest
that wild sturgeon populations may still be exploited to support captive aquaculture programs and
commercial sales.

Keywords: sturgeon; commercial aquaculture; conservation; Georgia; illegal trade

1. Introduction

Sturgeons (Family: Acipenseridae) are among the oldest living animal taxa with
evolutionary records dating species as far back as 200 million years ago [1,2]. Although
populations were once widely distributed and abundant in the northern hemisphere, stur-
geon populations have been declining over the past century, with most extant species now
considered to be at risk of extinction by the International Union for the Conservation of
Nature (IUCN) [3]. Overharvest is one of the major factors contributing to precipitous
population declines, with 14 of 25 extant species being recognized as commercially im-
portant for caviar and meat [4]. Over the past century, demand for sturgeon products has
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risen, with average landings reaching 28,900 mt (metric tons) between 1976 and 1983 [5].
During this time, 90% of sturgeon harvest occurred in the Soviet Union, with most landings
concentrated in the Caspian and Black seas [5,6].

In response to global population decline, sturgeon commercial aquaculture programs
began rising in popularity in Russia in 1970. By the 2000s, sturgeon aquaculture had also
developed in France, Germany, Italy, Hungary, the USA, and China. Programs are still
under development today [5,7], with expansion into new continents such as South America
and Australia [8]. Although commercial sturgeon aquaculture is intended to support the
recovery of sturgeon populations through the reduced harvest of wild individuals and is a
legal, controlled, and regulated activity under the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES) (2021), the propagation and trade
of captive sturgeons remains a significant threat to wild populations [9]. For example,
there have been reported cases where wild sturgeons have been provided to fish markets
for direct sale or used to increase captive production [10]. Pilot poaching monitoring
has also shown that 23 wild sturgeons from three different species (Russian sturgeon
[(Acipenser gueldenstaedtii), stellate sturgeon (Acipenser stellatus), and beluga sturgeon (Huso
huso)) were harvested from December 2017 to July 2018 in the eastern Black Sea [11].
Overall, these reports suggest that illegally harvested wild sturgeons are likely being sold
in commercial markets under the guise of commercial production. However, because it is
largely impossible to visually differentiate the origin of wild and captive individuals, these
reports are largely anecdotal evidence, and the extent to which wild sturgeons are being
sold in commercial settings remains unclear.

In addition to illegal sale, the escape or release of captive individuals may pose a
threat to wild populations through genetic admixture, interspecific hybridization, resource
competition, and the introduction of parasites and pathogens [9,12]. This is of particular
concern with regard to the release of interspecific hybrids, which are being commercially
grown to optimize growth and early maturation [13-15]. If released, hybrid sturgeons may
readily outcompete native species and cause rapid population decline or extirpation [16].

Despite its relatively small size, the country of Georgia is a global diversity hotspot
for sturgeons. The Rioni River, a tributary to the eastern Black Sea, historically supported
spawning populations of at least five, and potentially six, species of sturgeon, including
Russian sturgeon, stellate sturgeon, beluga sturgeon, European sturgeon (A. sturio), ship
sturgeon (A. nudiventris), and Colchic sturgeon (A. colchicus, the taxonomic status of which is
not clear) [17,18]. Overfishing and habitat degradation greatly reduced sturgeon abundance
in the Rioni River, with landings decreasing from 100 mt in the 1930s to just 12 mt tons in the
1960s [17], ultimately leading to a harvest moratorium in 1967 that continues today. Despite
the cessation of legal harvest, contemporary populations remain threatened, with evidence
that only three species (Russian sturgeon, ship sturgeon, and stellate sturgeon) still spawn
in the Rioni River [18]. Further, only adult beluga sturgeon have been found in the eastern
coast of the Black Sea, suggesting limited juvenile recruitment [19]. Of the aforementioned
species, four (Russian sturgeon, ship sturgeon, stellate sturgeon, and beluga sturgeon)
are listed as critically endangered by the IUCN, with the European sturgeon considered
extirpated in the Black Sea.

The extent to which captive sturgeon facilities may threaten wild populations in the
Rioni River is presently unclear. However, according to surveys carried out by the Fauna &
Flora Caucasus Programme, there are currently four fish farms rearing sturgeons within the
Rioni River watershed in western Georgia, including one farm located close to the Tekhuri
River which is a tributary to the Rioni River [20]. Those surveys suggest that sturgeons
in these farms are mostly Russian and Siberian sturgeons (A. baerii). Notably, Siberian
sturgeon are non-native to the Black Sea and originated from broodstock sourced from
Armenia. Studies have shown that Siberian sturgeon readily hybridize with native stur-
geons in captive and wild environments [16], highlighting the potential for hybridization
to negatively impact wild sturgeon populations. One obstacle for understanding the threat
that captive facilities may pose on wild populations is that the hybridization and trans-
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portation of individuals among regions has made it difficult to readily identify the source,
and even species, of individuals that are sold in markets. However, genetic monitoring may
present a viable tool for addressing these questions and can assist in monitoring the effect of
aquaculture on wild populations. In particular, because acipenserids are philopatric [6,21],
populations tend to show a high degree of genetic differentiation among geographical
regions, river systems, and even commercial facilities [22-25]. Therefore, it may be possible
to use genetic tools to discern the natal origin of individuals and ultimately determine
whether wild individuals are present in commercial facilities or markets.

In this study, we used complementary genetic markers to understand the species and
source of sturgeons sold in commercial fish markets and farms, including three coastal
markets and one inland market in Tbilisi and one aquaculture facility in Georgia. Our first
objective was to use mitochondrial DNA sequencing analysis to identify the species present
in commercial environments. We then used microsatellite analyses to ascertain the likely
source (wild vs. captive) of sturgeons sold in Georgian markets. The results of this study
provide early insights into the potential threats that commercial captive culture may pose
on wild sturgeon populations in the Rioni River.

2. Materials and Methods
2.1. Sample Collection

We collected fin clips from presumptive captive sturgeons that were being commer-
cially sold in three coastal fish markets in Batumi, Poti, and Tskaltsminda one inland fish
market in Tbilisi, and from a sturgeon aquaculture facility in Georgia, from January 2016 to
December 2019 (Figure 1). Importantly, we attempted to include samples from additional
aquaculture farms in our analyses, but were unable to collect tissue samples from those
locations. However, because all fish farms reportedly source sturgeons from Armenia,
which itself is landlocked with no native sturgeon populations, we anticipated the genetic
composition of fish from all commercial aquaculture facilities to be similar. In total, 72 tissue
samples were collected from individuals of reported captive origin (Table 1).

Table 1. Number of individuals from each species that were sampled from wild and commercial
environments. Numbers represent sample size used for microsatellite analyses, of which a subset
(shown in parentheses) was used for mitochondrial DNA control region sequencing analyses. When
possible, species identification was made using mitochondrial analyses; otherwise, it was inferred
from morphological characteristics.

Species

Russian sturgeon
Ship sturgeon
Stellate sturgeon
Sterlet sturgeon
Beluga sturgeon
Total for each group
Total

Wild-Caught Commercial
Rioni River Rioni River Mouth  Black Sea  Coastal Market  Tbilisi Market = Aquaculture
6 40 (34) 9 (6) 21 (18) 43 (45) 2(1)
4 2 - - - -
1 5 (4) 9 (6) 2 - -
- - - 3 - -
- - 8(4) 1 - -
11 47 (40) 26 (16) 27 (24) 43 (45) 2(1)
84 (67) 72 (70)

We also analyzed tissue samples from 84 wild sturgeons captured in the Rioni River
and the Black Sea collected by the Fauna & Flora Caucasus Programme Sturgeon Conser-
vation Team from August 2018 to December 2020 (Figure 1 and Table 1). All wild-caught
individuals were immediately released after tissue collection.

In total, 156 samples were collected from captive and wild origin. DNA extraction
was carried out using QIAamp Blood & Tissue Mini Kit, according to the manufacturer’s
protocol (QIAGEN, Hilden, Germany).
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Figure 1. Locations where sturgeon tissue samples were collected from presumed captive (red) and
wild (purple) populations. Captive populations included three coastal fish markets in Batumi, Poti,
and Tskaltsminda one inland fish market in Tbilisi, and an aquaculture facility. Wild populations
were sampled from the Black Sea, Rioni River, and the mouth of the Rioni River.

2.2. Mitochondrial Analysis

We sequenced a 716 bp fragment of the mitochondrial control region to determine the
matriarchal lineage of Georgian sturgeon from wild and captive individuals sold either
in the market or reared in an aquaculture facility [26]. PCR was performed in the volume
of 20 uL with 0.25 uM of each primer, 0.1 mM of dNTP’s, 1x buffer, 0.1 U/uL Tag DNA
polymerase (OxGEn and Promega), and approximately 80 ng/uL DNA template for each
sample. We used the primer pairs Acipenser Prol-F: 5-CACCCTTAACTCCCAAAGC-
3" and Acipenser Phel-R: 5-CCCATCTTAACATCTTCAGT-3' [25], with the following
conditions: 94 °C—2 m; 94 °C—45 s, 56 °C—45 s, 72 °C—45 s for 33 times; 72 °C—5 m. All
samples were sequenced on a 3730x]I DNA Analyzer (Thermo Fisher Scientific, Waltham,
MA, USA) at Macrogen Europe B.V. (Amsterdam, The Netherlands).

We used MEGA 11 [27] for multiple sequence alignment using the program ClustalW
and phylogenetic tree reconstruction. Trees were constructed using the maximum likeli-
hood statistical method with the Tamura 3-parameter model, with rates of change between
sites following a gamma distribution. The evolutionary model (Tamura 3-parameter) was
selected in MEGA 11 as the best fit for the available sequence data. Trees were examined
to assess phylogenetic relationships between wild-caught and commercial sturgeons and
DNA sequences from sturgeons available from GeneBank. In this analysis, we specifically
expected that haplotypes will reflect an individual’s provenance. That is, if all sturgeons
sold in the market have a captive lineage, then sturgeon samples from a market or aqua-
culture facility should cluster together and be distinct from samples collected from wild
populations. However, if wild individuals are present in the market, then market samples
will represent a mixture of both captive and wild individuals. Phylogenetic haplotype rela-
tionships and distance between wild and commercially sold specimens were investigated
using the NETWORK 10.2.0.0 Median-Joining method [28].
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2.3. Microsatellite Analysis

We genotyped tissues samples at four microsatellite markers including Afug41, An20,
Aox45, and AoxD165 [29-32]. PCRs were performed in 10 uL reactions containing 0.25 uM
of each primer, forward primers labeled at 5" end with either VIC or 6-FAM dye, 2.5 Mm
MgCl,, 0.1 Mm of dNTPs, 1x GoTaq Buffer, (Promega, Ph 8.5, 50 mMTris-HCl, 50 Mm
NaCl), and 0.1 puL of Promega Go Taq polymerase (5 U/uL, 1 unit/reaction), 50 ng of
template DNA, and sterile water. Thermal conditions were as follows: 95 °C—5 min;
95 °C—25s,53 °C—25s, 72 °C—40 s for 34 times; 72 °C—10 min. The PCR reactions were
analyzed using 3130xI Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, USA).
Genotyping Software GeneMapper 5 (Thermo Fisher Scientific, Waltham, MA, USA) was
used for allele calls. Tetraploids were assessed based on individual genotypes showing
more than two alleles per marker.

We performed a hierarchical STRUCTURE analysis to visualize patterns of differ-
entiation within and among species, and to identify possible patterns of hybridization
among groups [33,34]. Others have shown that STRUCTURE can reliably recover patterns
of differentiation in mixed-ploidy groups [35]. Therefore, the first level of our analysis
included all five species, with two alleles in diploid species coded as missing. Based on
results from this analysis, we grouped collections with similar patterns of differentiation
and then performed another STRUCTURE analysis on each of those groups independently.
We continued this iterative process until each species was represented as a unique genetic
cluster or there was no evidence of further genetic substructuring within the group. For all
analyses, we ran STRUCTURE v.2.3.4 with a recessive alleles model assuming admixture,
correlated allele frequencies, and allelic ambiguity [34]. For each level of the analysis, we
retained 200,000 repetitions after a burn-in of 200,000 steps and ran 10 replicates for each
value of K =1 to G + 1 (where K was the number of genetic clusters and G was the number
of groups in each level of the STRUCTURE analysis). The results from STRUCTURE were
visualized using STRUCTURESelector [36], with appropriate values for K selected using
the AK method [37].

3. Results
3.1. Mitochondrial DNA Analysis

Mitochondrial control region sequences were obtained for 137 out of the 156 collected
sturgeon samples of captive and wild origin (Table 1). Based on the mitochondrial DNA
sequencing analysis, we identified four sturgeon species in the market and aquaculture
samples (Table 1). The majority of samples (approximately 92%) were identified as Russian
sturgeon, including one Russian sturgeon sampled from the aquaculture facility. The
remaining samples were identified as stellate sturgeon (1 = 2), sterlet sturgeon (A. ruthenus)
(n = 3), and beluga sturgeon (n = 1). Among the wild specimens, four species were
identified based on mitochondrial DNA sequencing. The majority of these individuals
(approximately 70%) were identified as Russian sturgeon. The three other taxa were
observed less frequently and included stellate sturgeon (1 = 11), ship sturgeon (1 = 6), and
beluga sturgeon (n = 4). Notably, all ship sturgeon were captured from the Rioni River and
the mouth of the Rioni River, whereas all beluga sturgeon were captured in the Black Sea
(Table 1).

On the phylogenetic tree and network analysis (Figures 2 and 3), ship sturgeon, stel-
late sturgeon, beluga sturgeon, and sterlet sturgeon grouped into separate species groups.
There was a separation between wild and commercial Russian sturgeon haplotypes. How-
ever, there were some market samples that were grouped with wild samples, potentially
representing wild haplotypes present in fish markets.
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Figure 2. Phylogenetic tree of sturgeons sampled from the wild (bs—Black Sea; rm—Rioni
River Mouth; rr—Rioni River), commercial environments (M—Coastal and inland markets; A—
Aquaculture), and haplotypes from GenBank. Trees were constructed using the maximum likelihood
method with the Tamura 3-parameter model, with rates of change between sites following a gamma
distribution (G) and 100 bootstrapped replicates per tree. Species codes: gue-Russian sturgeon;
ste—stellate sturgeon; nud-ship sturgeon; rut-sterlet sturgeon; hus—beluga sturgeon. Numbers
above the branches show bootstrap support; numbers below indicate branch lengths. Haplotypes
with numbers in square brackets show the number of samples with the same haplotype, whereas
haplotypes without a number represent those where a single haplotype was analyzed in the sample.
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Figure 3. Network analysis of wild sturgeon samples from the Rioni River, the mouth of the Rioni
River, and the eastern Black Sea (white), and commercial samples from coastal fish markets (blue),
Tbilisi fish market (dark gray), and aquaculture (light gray). NCBI GenBank sequence accession
numbers are indicated. Each circle represents a single haplotype and the colors represent the origin
of the sample(s).

3.2. Microsatellite Analysis

The first level of the hierarchical STRUCTURE analysis supported K = 3 groups, which
separated wild-caught and commercial Russian sturgeon from the other four species in
our analysis. A separate STRUCTURE analysis on only the Russian sturgeon generally
differentiated wild from commercial individuals. However, this analysis also suggested
that several individuals from the markets may have originated from a wild source (Figure 4).
In particular, 14 of 64 Russian sturgeon sampled from coastal and inland markets were
assigned to the wild-caught cluster with a g-score of at least 0.25. This highlights the
potential for a large proportion of commercial Russian sturgeon in those markets to either
be of direct wild descent or be a first- or second-generation hybrid with a captive individual.

Additional STRUCTURE analyses on the remaining four species were able to differ-
entiate ship sturgeon and beluga sturgeon, but could not discriminate between stellate
sturgeon and sterlet sturgeon. In addition, the analysis could not distinguish between
wild and market individuals of these species (Figure 4). Notably, individuals from the
market that clustered with the wild-caught collection also grouped to wild haplotypes on
the phylogenetic tree.

Stellate, Sterlet, Beluga,
and Ship sturgeons

Russian sturgeon

Figure 4. Cont.
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Figure 4. Results of hierarchical STRUCTURE analysis of wild-caught (BS—Black Sea; RM—Rioni
River Mouth; RR—Rioni River) and commercial (TM—TDbilisi market; CM—Coastal market; A—
Aquaculture) Russian sturgeon, ship sturgeon, stellate sturgeon, sterlet sturgeon, and beluga sturgeon.

4. Discussion

Identifying the species and provenance of sturgeons in aquaculture facilities and com-
mercial markets can be challenging due to species’ similar morphologies and the mixed
ancestry of many captive populations [38,39]. Through molecular analyses, we typified the
species and origin of sturgeons encountered in wild, market, and aquaculture environments
in Georgia. We detected Russian sturgeon, stellate sturgeon, sterlet sturgeon, and beluga
sturgeon in market and aquaculture facilities. In wild environments, we detected Russian
sturgeon, stellate sturgeon, ship sturgeon, and beluga sturgeon, with beluga sturgeon
only being detected in the Black Sea and ship sturgeon only detected in the Rioni River.
Russian sturgeon is the more abundant species in fish markets and aquaculture stocks, and
our findings suggest that captive Russian sturgeon populations are genetically distinct
from wild, native Russian sturgeon population. The genetic distinctiveness allowed us
to determine that, based on both mitochondrial (Figure 2) and microsatellite analyses
(Figure 4), wild-caught Russian sturgeon may either be directly sold in coastal markets or
used as broodstock to support captive culture. Taken together, these results suggest com-
mercial aquaculture may present a cryptic, yet significant threat to the conservation of wild
sturgeon populations in Georgia as wild specimens of Russian sturgeon, beluga sturgeon,
and sterlet sturgeon appear to be available in market environments. The continued illegal
harvest of wild populations has the potential to contribute to demographic declines and
reduce conservation efficacy.

The largely unregulated nature of Georgian public markets, combined with the sale of
largely unidentifiable sturgeon flesh, can make it difficult to accurately identify the species
and source of sturgeons available in market environments. Processed sturgeon parts gener-
ally lack distinguishing morphological characteristics [10,40], making it nearly impossible
to use morphometrics or meristics for species identification. While genetic assays could



Diversity 2024, 16, 274

90of 13

aid in species recognition, the high complexity of sturgeon genomes has generally limited
broad application of genetic tools for the monitoring of sturgeon trade. Recent studies
have increased the number and types of genetic markers that can be used for species and
hybrid identification, and today nearly all sturgeon species can be identified with high
certainty [13,15,38,41,42]. However, several species remain problematic, including Russian
and Siberian sturgeon. These two species can be differentiated from other sturgeon species,
but it can be difficult to distinguish between the two species or detect hybrid individu-
als [42,43]. This can present a challenge for monitoring commercial trade, as both species
are regularly used in commercial propagation, and Russian x Siberian sturgeon hybrids are
commonly reared in aquaculture [5]. Moreover, sturgeons are characterized by any ability
to hybridize with other sturgeon species and produce sterile and fertile offspring [15,44,45].
This high rate of hybridization can reduce the reliability of morphology for species identifi-
cation, and ultimately highlights the utility of more complex methods such genetic tools or
isotope analyses for monitoring sturgeon trade [38].

Based on the maternal lineage analysis of commercial specimens, market samples
in our analyses were predominantly Russian sturgeon. This is not surprising, as Russian
sturgeonare of high commercial value relative to many other sturgeon species [5,7,38]. More-
over, our phylogenetic tree and network analysis show that most of the market samples
that maternally identified as Russian sturgeon grouped into three haplotypes (Ac67, Ac69,
and Ac9), which are grouped separately from the wild-caught Russian sturgeons that were
sampled from the Rioni River, the mouth of the Rioni River, and the Black Sea (Figure 2).
Opverall, this suggests that most Russian sturgeon that we sampled from markets did appear
to be of captive origin. However, several coastal market samples (Ac71, Ac75, Ac84, Ac87,
Ac97, and Ac131) grouped with wild-caught specimen haplotypes, which suggest that wild
Russian sturgeon may also occasionally be sold in markets. This finding was supported by
the microsatellite genetic analysis, which revealed a clear differentiation between wild and
commercial Russian sturgeon and highlighted the presence of some individuals in market
samples that clustered most strongly with the wild-caught individuals.

Although the source of wild-caught individuals in the market is unknown, reports of
sturgeon poaching in the Rioni River are not uncommon, and sturgeon poaching equipment
has been found and confiscated along the river [11,45]. Given that some individuals in
STRUCTURE analyses have intermediate g-scores, it is also possible that wild-caught
Russian sturgeon are being used as broodstock for fish farms, as has been reported for
stellate sturgeon in western Georgia [20]. However, the lack of significant admixture and
strong differentiation between wild and captive populations lends limited support to the
on-going, large-scale use of wild individuals in commercial propagation.

In addition to Russian sturgeon, we also detected three additional species in Georgian
fish markets, namely, stellate sturgeon (n = 2), sterlet sturgeon (n = 3), and beluga sturgeon
(n=1). Due to limited power from low sample sizes and limited microsatellite markers, our
analyses could not distinguish between wild and market individuals for the aforementioned
three. Nonetheless, their presence in market samples is still of interest. For example, while
sterlet sturgeon is not native to Georgia, it is frequently reared on commercial farms [5,42],
and so it was not surprising to find this species in commercial settings. Conversely, critically
endangered populations of stellate and beluga sturgeon are native to Georgia and the
eastern Black Sea; however, their origin in market environments is presently unclear.
Recent surveys of Georgian sturgeon farms suggested that none of the nearby commercial
facilities rear these two species, and only a single farm had a one stellate sturgeon that
was originally captured in the Black Sea as bycatch [20]. Thus, further investigation of the
source of these species that were being sold in commercial settings appears warranted.

Although captive sturgeon propagation has been promoted as a means to reduce
pressure on wild populations, our findings suggest that without careful monitoring and
enforcement, captive sturgeon propagation could contribute to further erosion of critically
endangered populations. This may be of particular concern for Russian sturgeon, which
appears to be numerically dominant in the fish markets that we surveyed. Our results sug-
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gest that wild and aquaculture stocks may not be fully reproductively isolated. Therefore,
the release or escape of non-native Russian sturgeon stocks into the Rioni River system
might result in admixture with native fish, leading to the erosion of native diversity and
compromising the adaptive potential of the native populations [16]. In addition, admixture
between wild and captive Russian sturgeon populations could make it more difficult to
apply genetics tools to identify the illegal trade of sturgeon and sturgeon products [38].

The genetic characterization and population genetic studies of extant wild sturgeon
populations and commercial stocks are essential for the future monitoring of natural
populations and commercial markets, including studies to determine the natal origin of
commercial sturgeons in Georgian markets. In addition, studies of local, natural population
structure may help identify genetically distinct populations and determine the spatial scale
in which conservation actions should be applied [24]. On-going monitoring efforts may also
be important for the early detection of non-native species introductions and the expansion
of inter- and intra-specific hybridization in wild and captive populations.

Future analysis and monitoring efforts may benefit from the development and use
of more advanced genetic and genomic tools. Inferences in this study were made from
a modest number of microsatellite loci, which was necessary as genetic markers remain
underdeveloped for many sturgeon species. However, the high ploidy levels can make
analyses possible with relatively few loci. For example, Russian sturgeon is a polyploid
species [46,47], and because polyploid species have more alleles per locus and a higher
mutation rate than diploid species, differences between populations may accumulate more
rapidly and enable analyses with relatively few loci [48]. However, future studies could
explore the use of stable isotope analysis, which may be a useful and reliable tool for
identifying individual natal origin (e.g., farmed/wild; [38]). For example, using stable
isotope analyses, Avigliano et al., 2023 [49] were able to determine the source of introduced
Siberian and Russian sturgeon in South American waterways. However, stable isotope
analyses may still require the use of genetic methods to avoid species mis-identification.
For example, using stable isotopes, a captive American paddlefish (Polyodon spathula) in
Ukraine that was fed a diet of wild forage and was later assigned as native individual [38].
Combining geochemical and genetic analyses for source stock identification may be partic-
ularly important when determining the natal origins of Georgian Russian sturgeon, as it is
the main species available in markets and the most widely caught sturgeon in Georgia.

Our study highlights the utility of molecular tools for assessing the species and
provenance of sturgeon in wild, aquaculture, and market environments, and documents the
potential, continued threat that commercial propagation may have on the conservation of
native sturgeons in Georgia. Our work also underscores the challenges of trying to identify
the origin of critically imperiled sturgeon species, where very low sample sizes offer limited
statistical power to resolve potential differences. Collectively, these findings highlight
the importance of developing genetic baselines for wild and farm-reared sturgeons in
order to enable future assessments of the provenance of sturgeons. Future studies may
be warranted to better understand wild sturgeon genetic diversity in the Rioni River and
the eastern Black Sea. For example, the genetic characterization of wild and commercial
sturgeon populations could help understand the natural population genetic diversity and
differentiation, and ultimately improve the ability to monitor fish markets for illegal harvest
and trade.
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