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Sturgeons, an iconic group of large fishes inhabiting marine and freshwater
ecosystems, have historically had significant economic and cultural value,
particularly prized for their meat and roe (caviar). Furthermore, sturgeons
play a vital ecological role as mesopredators of prey fish and invertebrates.
In the Danube basin, the European (Acipenser sturio) and fringebarbel
or ship sturgeon (Acipenser nudiventris) are locally extinct, while beluga
(Huso huso), Russian (Acipenser gueldenstaedtii), stellate (Acipenser stellatus)
and sterlet (Acipenser ruthenus) sturgeon have significantly declined since
the nineteenth century owing to overfishing, habitat loss and pollution.
Archaeological evidence suggests that sturgeon exploitation along the
Danube began as early as 11.6 thousand years before the present.
This study explores the genetic landscape of Danube sturgeons over
the past approximately 10 000 years using ancient DNA (aDNA) from
archaeological specimens. Despite challenges posed by limited sample
size, phylogenetic analyses of mitochondrial genomes and the D-loop
reveal high genetic diversity within beluga, Russian and ship sturgeon
populations. In addition, shared haplotypes between modern and historical
specimens of both beluga and Russian sturgeons suggest genetic continuity
within each species over time. This study provides, to our knowledge,
the first high-coverage sequencing of ancient sturgeon mitogenomes
establishing the foundation for future aDNA research.
This article is part of the theme issue ‘Shifting seas: understanding
deep-time human impacts on marine ecosystems’.

1. Introduction
Sturgeon populations of the Danube (collectively known as ‘Danube
sturgeons’) belong to the family Acipenseridae and comprise five anadro-
mous species—beluga (Huso huso), Russian (Acipenser gueldenstaedtii), stellate
(Acipenser stellatus), European (Acipenser sturio), fringebarbel or ship sturgeon
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(Acipenser nudiventris)—which live in the Black Sea and spawn in the Danube River, and one potamodromous species—sterlet
sturgeon (Acipenser ruthenus)—which completes its migrations entirely within the river system1. Note that a recent publication
[1] proposed reclassifying the Acipenser species included in this study into the genus Huso. However, as this nomenclature
has not yet been widely adopted, we have retained the traditional genus names throughout this work. Currently, the Russian,
stellate and beluga sturgeon are considered critically endangered [2] and their migratory routes in the Danube have been confined
to its lower section and the delta. The European and ship sturgeon are listed as locally extinct [2,3], even though for the latter
some relict populations still survive in the eastern Black Sea [4,5]. The sterlet sturgeon has undergone a dramatic population
decline over the past few centuries [6–8] and it is currently classified as an endangered species [2]. The first signs of sturgeon
stock collapse were documented in the Hungarian stretches of the Danube from the sixteenth century [9–11], and by the
eighteenth century excessive trade in European markets and the use of wooden weirs to trap beluga sturgeon led to a rapid
decline in the amount of fish caught upstream of the Danube Gorges. Most detrimentally, the canalizations and alterations of the
Danube bed that began in the nineteenth century [6,12], as well as the massive hydropower plant construction that commenced
in the mid-twentieth century in the Danube Gorges [6,9,13] resulted in a loss of habitat and the sturgeon’s natural spawning
ground [9,14–16].

Human interactions with the Danube and its ecosystem extend further back than historical documentation with the first
archaeological evidence of sturgeon fishing dating to the Epipaleolithic (15.0−11.5 thousand years before the present (kyr BP))
[17]. Archaeological remains of sturgeons in the middle section of the Danube during the Mesolithic and Neolithic (approx.
11.6–6.7 kyr BP) [11,18,19] suggest the continuity of fishing practises. In particular, during the Late Mesolithic (approx. 9.4–8.2
kyr BP) sturgeons were consumed in the Danube Gorges (Padina, Lepenski Vir, Vlasac, Kula, Schela Cladovei and Icoana)
[18,20–22] and continued to be a part of the diet of the first agricultural communities along the Danube River during the
Neolithic (approx. 8.0–6.7 kyr BP) as confirmed by sturgeon remains as well as δ13C-depleted and δ15N-enriched values in
human bone collagen [18,19,23–26].

During the Roman and Late Roman periods (approx. 2.0–1.5 kyr BP), sturgeon represented a symbol of prestige for the elite,
and specialized fishery activities are attested in the Danubian provinces [27,28]. From the Medieval period (approx. 1.1–0.4 kyr
BP), a significant intensification of catches was recorded by historical sources, which described trade in the middle Danube
region from fisheries located in the Danube Gorges [29] and in the Hungarian stretch of the Danube [30]. For instance, the
fish assemblage at the medieval monastery of Studenica (Raška district, central Serbia) suggests that sturgeon was probably
transported salted and in large barrels 200 km away, from the fishing spots of the Gorges [29].

Recent studies on mitochondrial DNA (mtDNA) markers and nuclear markers have investigated the genetic diversity of
contemporary Danube sturgeon species in the Caspian, Azov and Black Seas [31–36] and, in some cases, detected hybridization
events [7,32,37–39]. Given the long-term impact on the Danube’s fish stock, the analysis of genetic variation through time
would assist in evaluating the status of ancient populations under diverse fishing pressures, and contribute to a more effective
management and conservation strategies of contemporary populations [40]. Shotgun sequencing methods of ancient DNA
(aDNA) have enabled the detection of short DNA molecules from degraded fishbone samples [41–43], which combined
with modern datasets can provide a better understanding of the genetic fluctuations caused by human exploitation [44,45].
However, because of their poor fossil preservation, only a few studies have used palaeogenomics to investigate ancient sturgeon
assemblages. Phylogenetic analyses using mitochondrial and nuclear markers have focused on Atlantic (Acipenser oxyrhynchus)
and European sturgeon (A. sturio) [46–51], white (Acipenser transmontanus) and green sturgeon (Acipenser medirostris) [52] and
Adriatic populations of beluga sturgeon [53], while studies on ancient specimens of Russian, stellate, ship and sterlet sturgeon
are still lacking.

Here, we apply aDNA shotgun sequencing on 25 sturgeon bone samples using a recently developed single stranded library
preparation protocol (Santa Cruz) [41] to investigate the genetic diversity of five sturgeon species: the anadromous beluga
(H. huso), stellate (A. stellatus), Russian (A. gueldenstaedtii), fringebarbel or ship (A. nudiventris) sturgeon and the freshwater
sterlet (A. ruthenus) sturgeon. The samples were obtained from archaeological collections spanning the Mesolithic to the Early
Neolithic (approx. 11.6–7.5 kyr BP), the Roman and Late Roman periods (approx. 2.0–1.5 kyr BP) and the Medieval period
(approx. 1.1–0.4 kyr BP). We analyse the mitochondrial genome to resolve undetermined taxa and explore the relationships
among all sturgeon specimens within the modern phylogenetic landscape. In addition, we investigate the haplotype identity
of the historical samples of stellate, Russian and beluga sturgeon compared with extant populations from the Black, Azov and
Caspian Seas to infer mtDNA lineage continuity and variability over a temporal and geographical scale.

2. Methods

(a) Archaeozoological analysis and sample collection

A total of 52 sturgeon bone specimens were selected from fish faunal assemblages from several archaeological sites in Serbia
(figure 1a): Padina, Lepenski Vir and Kula (the Danube Gorges, eastern Serbia), spanning from the Mesolithic to the Early
Neolithic (approx. 11.6–7.5 kyr BP); the Early Neolithic site of Donja Branjevina (approx. 8-7.6 kyr BP, West Bačka district,
Vojvodina province, northern Serbia) the Roman-Late Roman (approx. 2.0–1.5 kyr BP) fortress of Diana-Karataš (Danube
Gorges, eastern Serbia) and the Roman site of Viminacium (Braničevo district, eastern Serbia); the medieval sites (approx. 1.1–

1Note that a recent publication [1] proposed reclassifying the Acipenser species included in this study into the genus Huso. However, as this nomenclature has not yet
been widely adopted, we have retained the generally accepted genus names throughout this work.
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0.4 kyr BP) of Studenica (Raška district, central Serbia) and Dupljaja-Grad (South Banat district, Vojvodina province, northern
Serbia). All sites are located within the Danube basin, however, Studenica is found at a considerable distance from the river, in
the vicinity of the Ibar, a tributary of the West Morava, approximately 200 km south of the Danube.

The fish faunal assemblages, including the selected specimens, have previously been subjected to archaeozoological analysis
(e.g. [18,19,27,29,54]). Their taxonomic identification (to the species, genus and family level) and the determination of the
skeletal element have been undertaken by using the reference collection of the Laboratory for Bioarchaeology, Department of
Archaeology, Faculty of Philosophy, University of Belgrade, as well as relevant atlases and publications (e.g. [55–58]).

The 52 specimens were subsampled at the Laboratory for Bioarchaeology, Department of Archaeology, Faculty of Philosophy,
University of Belgrade, using a Dremel hand tool (Micro 8050) and following strict aDNA precautions to avoid cross-contamina-
tion [59,60]. When possible, the selection criteria included well-preserved, robust skeletal elements, both those that could be
attributed to particular taxa with more certainty on the basis of morphology (e.g. maxillare, dentale) and those identified to
the genus or family level only (e.g. fragmented cranial elements, bony scutes, pectoral spines). The criteria were also to ensure
the representation of distinct individuals and diverse archaeological contexts from all of the aforementioned sites, including
samples morphologically identified as H. huso, A. gueldenstaedtii, A. stellatus, A. nudiventris and specimens classified to the genus
or family level (table 1; electronic supplementary material, table S5).

The age of the samples, ranging from the Mesolithic to the Medieval period, was estimated based on the absolute or relative
dating of each archaeological context from which they originated (figure 1a; table 1).

(b) DNA extraction and library preparation

DNA extraction and library preparation were performed in the dedicated aDNA laboratories at the University of Copenhagen.
First the bone surface was removed and cut into a chunk of about 600 mg, using a Dremel hand tool (Micro 8050) . This was then
exposed to UV light for 5 min on each side before pulverizing it with a hammer.

All 52 samples were hereafter extracted for DNA, including two negative controls, using a double digestion protocol [43] and
for samples with the presence of dirt surface or soil remnants in the chunks, we applied a double digestion with the addition of
a mild bleach pre-treatment (electronic supplementary material, table S6) [42].

A total of 150 mg of bone material was pre-digested under gentle three-dimensional shaking for 1 h at 37°C. Following
centrifugation and removal of the supernatant, the residual chunks were incubated for 48 hours at 37°C in a revolving mixer
with a freshly produced digestion buffer and adding 25 µl of proteinase K after the first 24 h. The amount of material used
for the mild bleach pre-treatment (150 mg × 2) was then combined after the second digestion. DNA was extracted using the
silica-based High Pure Viral Nucleic Acid kit (Roche Diagnostics) and purified with MinElute columns (QIAGEN) according to
manufacturer’s instructions. DNA was then eluted in a 60 µl preheated Elution buffer and quantified in a Qubit 2.0 Fluorometer
(Thermo Fisher).

Prior to library preparation, we selected a total of 25 extracts based on their DNA quantification (as measured by Qubit
values; electronic supplementary material, table S6) while accounting for species representation. Single-stranded libraries were
built using the Santa Cruz reaction following the procedure described in Kapp et al. [41]. Amplification cycles were determined
using a quantitative polymerase chain reaction (qPCR), following Kapp et al. [41], modified to 30 cycles to reduce over-amplifi-
cation. The chosen number of cycles given to each library were cutting threshold value +2 cycles. Unique indexes were added to
each library in a 50 µl volume PCR containing 25 µl KAPA HiFi Uracil + mastermix (Roche) with 0.8 µM of each forward and
reverse primer added to 21 µl of the library. An initial denaturation step at 98°C for 45 s was followed by a variable number of
cycles of 98°C for 15 s, 65°C for 30 s and 72°C for 30 s. We then purified the libraries with magnetic beads (MagBio HighPrep
PCR, MagBio Genomics Inc., USA) at a 1 : 1.6 ratio. Library concentration was assessed with a high sensitivity DNA assay on the
Bioanalyzer 2100 (Agilent). Finally, all libraries were equimolarly pooled and sequenced on a NovaSeq 6000 150 bp paired end
at the GeoGenetics Sequencing Core, University of Copenhagen.

(c) Mitochondrial DNA analyses

The sequences were processed following the Paleomix workflow [61], with a few modifications. We first trimmed the raw reads
with AdapterRemoval (v2.3.0) [62], discarding reads shorter than 30 bp and bases with quality scores below 30, followed by
collapsing of the remaining reads (--mm 3 --minlength 30 --trimns --trimqualities --minquality 30 --collapse) (electronic supplemen-
tary material, table S7). For the purpose of identifying the unresolved taxa at species level, we initially performed a competitive
mapping of all collapsed reads per sample against the mitochondrial reference genome of the five sturgeon taxa historically
present in the Danube River, including two Adriatic species (electronic supplementary material, table S8), using Bowtie2
[63]. We hereafter selected the best fit species for each sample based on the reference genome with the highest number of
covered bases and depth of coverage (electronic supplementary material, table S9). Prior to mapping we edited the reference
genomes in Geneious Prime 2023.0.1 (https://www.geneious.com) adding 50 bp to the ends of the sequence to improve the
mapping coverage of the strand termini. The reference genomes detected as the best fit, were then realigned separately for each
library using both BWA with aln algorithm [64] and Bowtie2 in—very-sensitive mode to compare their performance (electronic
supplementary material, figure S1.2). Duplicates were removed with PicardTools (http://broadinstitute.github.io/picard/)
and mapping statistics were visualized with BAMCOV (https://github.com/fbreitwieser/bamcov) (electronic supplementary
material, figure S1.1). Deamination patterns were assessed with metaDMG [65] using global mode and forward only parameters
(electronic supplementary material, figure S2.1).
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We first investigated the phylogenetic relationships of the ancient sturgeon complete mitochondrial sequences with modern
reference genomes from GenBank belonging to Adriatic and Pacific populations (figure 2; see the electronic supplementary
material, table S10 for accessions). The consensus mitochondrial sequences were generated using ANGSD (v. 0.940) [66] with
the parameters -doFasta 2 -doCounts 1 -minQ 30 -minMapQ 30 to ensure high-confidence base calls and minimize sequencing
errors. The alignment used consisted of the concatenated 13 protein-coding genes of the mitochondrial genome edited with
Geneious Prime 2023.0.1 (ND1, ND2, COI, COII, ATP8, ATP6, COIII, ND3, ND4L, ND4, ND5, Cytb, ND6) for samples with a
breadth of coverage of at least 90% and a depth of coverage above threefold (electronic supplementary material, figure S1.3).
We excluded from this analysis the most divergent D-loop region and the transfer RNAs/12S ribosomal RNA owing to the
variable number of tandem repeats within the species H. huso that can reduce the resolution of the phylogenetic reconstruction
across different species [67,68]. Thereafter, we defined the optimal site model for the different partitions of our alignment
using PartitionFinder (v. 2.1.1) with the greedy algorithm [69–71]. We then inferred a Bayesian phylogenetic tree using the
Yule model in BEAST2 (v. 2.7.3) [72] with 50 million iterations and a strict clock. To further evaluate genetic diversity within
the beluga sturgeon phylogeny (figure 3), we applied the same Bayesian approach, given also the larger number of samples
available (eight). Finally, we performed a maximum likelihood analysis using IQ-Tree (v 1.6.12) [73] with 1000 replicates to
compare the consistency of the results (electronic supplementary material, figures S3.1 and S3.2).

For the three key caviar-producing species—beluga, Russian and stellate sturgeon—we assessed the survival of ancient
haplotypes in modern species by extracting the control region (D-loop) from our sequenced mitochondrial genomes, and using
modern D-loop data from GenBank. In addition to the sequences generated in this study, we included a total of 118 sequences
of beluga (H. huso) [32,33,74], 67 sequences of Russian (A. gueldenstaedtii) [32,33,75] and 214 sequences of stellate sturgeon
(A. stellatus) [32–34,76] with a range of geographical provenances including species from the Caspian Sea, Sea of Azov, Black
Sea and the Danube River (figure 4a; electronic supplementary material, table S11). We truncated the D-loop sequences of
beluga, Russian and stellate sturgeon to 471 bp, 648 bp and 562 bp, respectively to ensure alignment consistency with the
shorter sequences retrieved from GenBank. In addition, the undetermined bases in the ancient samples were masked across all
sequences after performing the alignment with MAFFT (v. 7.490) to prevent the introduction of biases. We excluded the ship
and sterlet sturgeon in this analysis owing to limited publicly available data [7,68,77]. A neighbour-joining tree was generated
with Geneious using the Tamura-Nei model and 1000 replicates. The haplotypes were also organized in a network with Popart
[78] using the median-joining network algorithm [79] (figures 3b and 4b-d; electronic supplementary material, figures S4.1 and
S4.2).

Finally, we computed the number of haplotypes (h), nucleotide diversity (π), haplotype diversity (Hd) and number of
polymorphic sites (S) with DnaSp v.6 [80] to investigate the genetic diversity in the control region between modern and ancient
sequences of beluga, Russian and sterlet sturgeon.

a

Mesolithic-Early Neolithic 

(~11.6-7.5 kyr BP) 

Roman (~2.0-1.5 kyr BP)

Medieval (~1.1-0.4 kyr BP) 

Early Neolithic (~8.2-7.5 kyr BP) 

Legend

Diana-Karataš

(N=2)

Kula

(N=3)

Padina

(N=5)

Lepenski Vir

(N=6)

Viminacium

(N=2)

Dupljaja-Grad

(N=2)

Donja Branjevina

(N=2)

Studenica

(N=3)

Belgrade

b

LV 29 - LV 1233a/2 

parasphenoideum

Acipenser sp.  > A. ruthenus

DP 52 -DG 04/27/13  

cranial dermal plate

Acipenser sp. > A. gueldenstaedtii 

LV 19 - LV 1299c/23 - indet.

Acipenseridae indet. > Huso huso

PA 11 - PA 7.70/164/221 - indet.

Acipenseridae indet  > Huso huso

DK 49  - DK/27/81/3/19 

pinna pectoralis

Acipenseridae indet. > A. nudiventris

KU 35  - KULA p17/1 - palatopterygoideum

Acipenseridae indet.  > A. nudiventris

Danube

Black Sea

Danube

Figure 1. The provenance of samples and their aDNA identification. (a) The locations and number of samples used in this study for each archaeological site. (left map:
created in ARCGIS using USGS, Esri Romania, HERE, Garmin, FAO, NOAA, USGS and World Hydro Reference Overlay; right map: created in QGIS v. 3.34.11 using Esri World
Shaded Relief and river data from Natural Earth (1 : 10 m scale, 2024)). (b) The six Acipenserid bone fragments initially classified at the genus and family levels, with
their species-level identification refined through mtDNA analysis.
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3. Results

(a) Genetic identification of sturgeon species

A total of 3 339 502 159 reads were trimmed for adapters and filtered for low-quality sequences, resulting in a total of 2 563
087 350 reads, of which 46 578 aligned to the various sturgeon mitogenomes (electronic supplementary material, table S9). The
competitive mapping of each read to the mitochondrial genomes of the five Danubian species shows that BWA aligner enhances
alignment efficiency compared with Bowtie2 (electronic supplementary material, figure S1.2), making it the preferred choice for
the following alignment of mitochondrial genomes by species.

Our species identification of the archaeological specimens aligns with the morphological determination at the species level
in 14 out of the 25 samples (table 1). In addition, we refine the classifications from genus and family levels to species level in a
further six of the samples (figure 1b; table 1), while identifying a different species than originally recorded in five samples (table
1).

We subsequently performed a separate mapping of the ancient specimens to the mitochondrial genome reporting the highest
coverage, resulting in a general (17 out of 25) breadth of coverage above 75% and a threefold to 30-fold average coverage
(electronic supplementary material, figure S1.3 and table S9). Exceptionally, the majority of the samples (four out of six) from
the site of Lepenski Vir present a breadth of coverage below 50% and a depth of coverage below 0.3-fold, suggesting poor
preservation at this site (electronic supplementary material, figure S1.3 and table S9). However, an in-depth examination of the
damage estimation and mean fragment length of samples with a mapping read count of greater than 100, reveals that the read
lengths from Lepenski Vir resemble those from the site of Kula, while DNA degradation seems to be comparable with other
Mesolithic and Neolithic samples from the same period (electronic supplementary material, figures S2.1 and S2.2).

Table 1. The specimens analysed in this study and the dating of their context. (Samples highlighted in bold indicate the mtDNA identification of specimens that were
previously determined at the genus or family level, or those with different genetic identification from their morphological classification.)

sample ID site taxon (morphological ID) taxon (mtDNA ID) context

PA-1 Padina H. huso H. huso Mesolithic

PA-4 Padina A. gueldenstaedtii A. ruthenus Late Mesolithic

PA-6 Padina A. stellatus A. stellatus Late Mesolithic

PA-11 Padina Acipenseridae indet. H. huso Mesolithic–Neolithic Transition/Neolithic

PA-16 Padina A. gueldenstaedtii A. nudiventris Early-Middle Neolithic

LV-17 Lepenski Vir H. huso H. huso Early Mesolithic

LV-19 Lepenski Vir Acipenseridae indet. H. huso Middle Mesolithic

LV-22 Lepenski Vir H. huso H. huso Middle Mesolithic

LV-24 Lepenski Vir H. huso H. huso Mesolithic–Neolithic Transition

LV-28 Lepenski Vir H. huso A. gueldenstaedtii Mesolithic–Neolithic Transition

LV-29 Lepenski Vir Acipenser sp. A. ruthenus Early Neolithic

KU-32 Kula H. huso H. huso Late Mesolithic/Mesolithic-Neolithic Transition

KU-34 Kula A. stellatus A. stellatus Late Mesolithic/Mesolithic-Neolithic Transition

KU-35 Kula Acipenseridae indet. A. nudiventris Late Mesolithic/Mesolithic–Neolithic Transition

DB-38 Donja Branjevina A. gueldenstaedtii A. nudiventris Early Neolithic

DB-39 Donja Branjevina A. stellatus A. stellatus Early Neolithic

VM-43 Viminacium H. huso H. huso Roman/Late Romana

VM-44 Viminacium H. huso H. huso Roman/Late Romana

DK-47 Diana-Karataš H. huso H. huso Late Roman

DK-49 Diana-Karataš Acipenseridae indet. A. nudiventris Late Roman

DP-52 Dupljaja-Grad Acipenser sp. A. gueldenstaedtii High Medieval

DP-53 Dupljaja-Grad A. gueldenstaedtii A. gueldenstaedtii High Medieval

ST-54 Studenica A. gueldenstaedtii H. huso Late Medieval

ST-55 Studenica H. huso H. huso Late Medieval

ST-56 Studenica H. huso H. huso Late Medieval
a The exact dating of the context is under process.
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(b) Phylogenetic placement

The phylogenetic analysis of ancient sturgeon specimens and modern populations revealed consistent results across both
Bayesian and maximum likelihood methods (figure 2; electronic supplementary material, figure S3.1 and table S1 for excluded
samples). Our tree topology (figure 2) places the beluga sturgeon as basal to all Danubian sequences, with monophyletic groups
of the stellate sturgeon (A. stellatus) and the Russian sturgeon (A. gueldenstaedtii) forming two different clades. Sterlet sturgeon
(A. ruthenus) clusters with ship sturgeon (A. nudiventris), both showing a common ancestor with the Russian sturgeon.

At the temporal scale, we observe differences between the clustering of the sturgeons associated with Mesolithic/Neolithic
periods compared with the sturgeons from Roman-Late Roman and Medieval periods. While the Russian sturgeon phylogeny
suggests complex relationships within the clade, in particular an individual from Lepenski Vir (LV-28), found in a Mesolithic–
Neolithic Transition context clusters together with an individual from the medieval Dupljaja-Grad (DP-53), while another
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Figure 2. Phylogenetic placement of ancient and modern sturgeon species. Phylogenetic placement generated using Bayesian inference (Yule model) with 50 million
iterations. Samples from this study are outlined in colours distinguishing different time periods. Abbreviations define archaeological sites (DK = Diana-Karataš, VM =
Viminacium, DB = Donja Branjevina, PA = Padina, KU = Kula, LV = Lepenski Vir, ST = Studenica, DP = Dupljaja Grad).
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Figure 3. Phylogeny (a) and haplotype network (b) of the beluga sturgeon. (a) Phylogenetic relationship between the archaeological specimens of beluga sturgeon
generated using Bayesian inference; using the Russian sturgeon as an outgroup. Ancient samples are coloured by period. (b) Haplotype network of beluga sturgeon
generated in POPART using the median-joining network algorithm. Abbreviations refer to archaeological sites (DK = Diana-Karataš, VM = Viminacium, PA = Padina, ST
= Studenica).
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specimen from the same site (DP-52) is placed on a sister branch clustering together with the Persian sturgeon (Acipenser
persicus—MW713795.1, MK213065.2), a mitochondrial lineage of A. gueldenstaedtii present in the southern Caspian Sea and in
the Black Sea [75]. The ship sturgeon from Kula (KU-35) found in a context dated to the Late Mesolithic/Mesolithic–Neolithic
Transition forms a separate branch, while the Late Roman specimen from Diana-Karataš (DK-49) clusters with modern species
from the Caspian and Azov Sea. The phylogeny of the beluga sturgeon exhibits similar placement by period. Considering
the sample size (eight), we conducted a separate analysis, comparing the Bayesian with the maximum likelihood approach,
however, both demonstrated consistency in our placements (figure 3a; electronic supplementary material, figures S3.1 and S3.2).

We observe that the samples from Padina (PA-1, PA-11) corresponding to broadly Mesolithic and Mesolithic–Neolithic
transitional contexts respectively, cluster together. By contrast, the Roman/Late Roman specimens from Viminacium (VM-43,
VM-44) and the medieval specimens from Studenica (ST-54, ST-55) form a separate clade as a sister branch to the Meso-
lithic–Neolithic samples with posterior support values of 0.79/1 (figure 3a). Additionally, an individual from the Roman site
of Diana-Karataš (DK-47) forms a separate clade with the reference genome (NC_005252.1), situated at the basal node of the
previously mentioned specimens with a support of 0.69/1. The single individual, ST-55, from Studenica occupies the basal node
of the phylogeny, with full support (1/1), suggesting an earlier divergence within the clade.

(c) Haplotype identification

We next investigated the genetic variability of the three most exploited caviar-producing species—beluga, Russian and stellate
sturgeon—by analysing haplotype diversity over a temporal and geographical scale. The phylogenetic analysis of the control
region (D-loop) (figures 3b and 4); electronic supplementary material, figures S4.1 and S4.2) enabled direct comparison with
recent studies from the Black Sea basin [32–34,74–76], revealing the genetic relationships between ancient and modern sturgeon
populations. Two archaeological samples of Russian sturgeon (figure 4b) from the Mesolithic–Neolithic settlement of Lepenski
Vir (LV-28) and the Medieval Dupljaja-Grad (DP-53) cluster together in a clade with individuals from the eastern Black Sea,
a sister branch of other Caspian and Black Sea variants. This placement is supported by the haplotype network (electronic
supplementary material, figure S4.1), which indicates that the two specimens show a limited genetic variability over time,
differing by only three mutations (electronic supplementary material, figure S4.1). Another sample from the same site (DP-52)
exhibits an identical haplotype to that of a specimen from the eastern Black Sea (MZ665971, haplotype 10) and also shows only
three mutations when compared to modern populations in the eastern Black Sea and Caspian Sea.

The three samples of stellate sturgeon (figure 4c) seem to represent unique haplotypes within contemporary populations of
the Black Sea basin. The Mesolithic and Neolithic specimens from Padina, Kula and Donja Branjevina (PA-6, KU-34, DB-39)
do not cluster together in the tree, or in the haplotype network (electronic supplementary material, figure S4.2). This suggests
a continuous high level of haplotype diversification and a lack of clear geographical differentiation within the Black Sea,
consistent with previous findings regarding modern populations [33,53]. An exception is observed in the haplotypes from the
southern part of the Black Sea, which is consistent with the newest findings [34]. However, none of our ancient sequences align
with this cluster.
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Sea of Azov*
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Figure 4. Spatial haplotype distribution of the Russian (b), stellate (c) and beluga (d) sturgeon. (a) The location of the modern sequences used to infer the
neighbour-joining analysis (QGIS v. 3.34.11, Esri World Terrain Base Map. River data: Natural Earth, 1 : 10 m scale, 2024). An asterisk (*) indicates unavailable specific
sample locations; in such cases, the general provenance from the basin is highlighted in colour. (b–d). Neighbour-joining trees showing phylogenetic relationships
based on the D-loop of ancient specimens from the middle Danube settlements (DK = Diana-Karataš, VM = Viminacium, DB = Donja Branjevina, PA = Padina, KU =
Kula, LV = Lepenski Vir, ST = Studenica, DP = Dupljaja Grad) within the modern genetic landscape [32–34,74–76].
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We also identify five new haplotypes (out of eight) among the archaeological specimens of beluga sturgeon (figures 3b
and 4d) that were not detected in modern populations. These include the Mesolithic–Neolithic specimens from Padina (PA-1,
PA-11), a Roman sample from Diana-Karataš (DK-47) and two from Medieval Studenica (ST-55, ST-56). By contrast, the
phylogeny of the beluga sturgeon suggests the survival of ancient lineages within modern populations. A Roman specimen
from Viminacium (VM-44) clusters with haplotypes identified in the Black Sea region (HUS24-MW183700, HUS73-MW183749)
and specifically in individuals from its eastern area (haplotype 1-MZ665990). In addition, another Roman specimen (VM-43)
and a medieval specimen (ST-54) exhibit identical variations with populations from the Lower Danube (Dan280-KF431844) and
the Black Sea (HUS19-MW183695), including individuals from the eastern Black Sea (haplotype 5-MZ665994).

Lastly, the genetic differentiation analysis on the control region (table 2) conducted with DnaSp [80], indicates a high level
of haplotype diversity in both ancient and modern populations for each of the three species (Hd = 0.96−1), alongside a low
nucleotide diversity (π = 0.033–0.017). A high average number of differences (K) is detected in Russian (A. gueldenstaedtii: K =
16.7) and stellate sturgeon (A. stellatus: K = 11), indicating a marked genetic diversity. In comparison, we observe a slightly lower
value (K = 8) for beluga sturgeon (H. huso), which may reflect a reduced genetic variability within this species.

4. Discussion
This work presents, to our knowledge, the first attempt to outline the spatiotemporal genetic landscape of the Danube stur-
geon populations using the mitochondrial genetic diversity through aDNA. Our mitochondrial genome analysis successfully
identifies acipenserid bone fragments of sterlet (A. ruthenus) and ship sturgeon (A. nudiventris), while also refining previous
morphological determinations (table 1). Although based on a limited sample set, such an approach could greatly enhance our
understanding of historical fish biodiversity and fishing strategies when applied to larger datasets [81]. Furthermore, these
findings highlight the importance of integrating molecular techniques with morphological evaluations to address the primary
challenges in archaeozoological studies. These include the difficulties in the determination of closely related species that can
often arise from highly degraded or fragmented bones that exhibit a limited number of diagnostic markers, as was the case
with our samples. In addition, the morphological identification is further hindered by the similarity of skeletal elements in
members of the same genus or family (i.e. Acipenser or Acipenseridae), the occurrences of hybridization, the features of dermal
bones covering of the head which exhibit a great degree of irregularity and asymmetry even within the same individual,
poor survival rate of sturgeon remains owing to their largely cartilaginous skeleton [11,30,46,50–52,82,83], and the absence of
adequate osteological reference collections [84] owing to the extirpation and global decline of these species of fish [7,68,77].

Our phylogenetic analysis, which used 13 protein-coding genes of mtDNA from the three most exploited caviar-producing
species, aligns with the findings of Mugue et al. [68], which also places the beluga basal to all Danube sturgeons. The
phylogenetic relationships within each clade are also consistent with the results obtained from the hypervariable control
region of the D-loop. The Russian sturgeon specimens (figure 4b; electronic supplementary material, figure S4.1) from the
Mesolithic–Neolithic Transitional settlement of Lepenski Vir (LV-28) and the Medieval Dupljaja-Grad (DP-53) share a common
ancestry, even though they exhibit two distinct haplotypes. Their close genetic relationship implies a degree of continuity in
the genetic makeup of these populations from the Mesolithic–Neolithic to the Medieval period, suggesting relative genetic
stability over time. Additionally, another medieval sample from Dupljaja-Grad (DP-52) exhibits the same haplotype as modern
individuals from the eastern Black Sea (electronic supplementary material, figure S4.1) and differs by only three mutations
from Caspian Sea specimens (electronic supplementary material, figure S4.1 and table S4). Our whole mitogenome phylogenetic
analysis groups this sample with the Persian sturgeon (A. persicus), a subspecies found in the southern Caspian Sea. Despite
the inability to detect the full genetic diversity of the Persian sturgeon population through mtDNA analysis [33,70,71,78], our
findings indicate a close genetic relationship between the ancient specimens and contemporary populations in the Caspian Sea.
This points to historical interactions and potential gene flow, probably dating back to pre-Holocene periods when the Black Sea
and Caspian Sea were connected (see further details in the following paragraphs).

The beluga sturgeon’s phylogeny (figures 3 and 4d) deveals a high degree of similarity among samples from the Roman site
of Viminacium (VM-43) and the Medieval Studenica (ST-54), both clustering with modern individuals from the Black Sea and

Table 2. mtDNA diversity of ancient and modern populations of Russian, stellate and beluga sturgeon. (Abbreviations: N = numbers of individuals, h = number of
haplotypes, Hd = haplotype diversity; K = average number of differences, S = number of polymorphic sites, π = nucleotide diversity.)

species samples N h Hd K S π

A. gueldenstaedtii modern 67 45 0.98236 16.62958 102 0.03269

ancient 3 3 1 10.66667 16 0.02164

total 70 48 0.98385 16.6795 104 0.03272

A. stellatus modern 214 148 0.99452 11.04124 220 0.01989

ancient 3 3 1 11.33333 17 0.02042

total 217 151 0.99467 11.03076 222 0.01988

H. huso modern 118 83 0.99044 8.6038 101 0.01654

ancient 8 5 0.96429 8.96429 25 0.02094

total 126 88 0.98971 8.65168 103 0.01683
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lower Danube regions. Notably, most samples exhibit unique haplotypes (five) with a Roman specimen (DK-47) and a medieval
specimen (ST-55) showing a significant number of mutations (7–16) compared with the other historical samples. This may
suggest long-term genetic divergence of distinct lineages persisting through the Roman and Medieval periods. In particular,
ST-55 is part of the assemblage from the monastery of Studenica, located around 200 km from the Danube. There is neither
historical nor ecological evidence to indicate that sturgeons were migrating to the area of the Ibar or its tributaries. Instead,
written records explicitly indicate that sturgeon consumed during religious celebrations were imported from the Danube [29].
The basal position of ST-55 in the phylogenetic tree (figure 3a), along with the high number of mutations in the D-loop (figure
3b), suggests that it may represent an ancestral lineage contributing to the high genetic variability observed in modern beluga
populations inhabiting the Black Sea.

Conversely, we found no evidence of common ancestry between modern populations of stellate sturgeons from the
Mesolithic and Neolithic periods. Instead, our analysis identifies unique haplotypes that are closely related to individuals
from the northwestern Black Sea and southern Black Sea, indicating a high level of variation in these populations (figure 4c;
electronic supplementary material, figure S4.2).

Overall, the analysis of the D-loop does not reveal clear geographical differentiation within the three species of beluga,
stellate and Russian sturgeon. This finding is consistent with previous studies on contemporary populations, which have
identified a complex structure characterized by hundreds of unique haplotypes present among the Caspian, Black and Azov
Seas. These results suggest multiple radiation events probably resulting from past reiterated admixture processes [33,34,53,85].
The high genetic variability observed and a lack of geographical differentiation may be influenced by multiple introgression
events driven by palaeo-geographical changes in the last 5 million years, during which the Black Sea, Sea of Azov and the
Caspian Sea were interconnected. The most recent contact occurred during the end of the Pleistocene period (approx. 15.0−11.0
kyr BP) [53,86].

Our results on genetic indices of variation (table 2) confirm a high genetic diversity within ancient and modern sturgeon
populations (Hd = 0.96−1), although there are minimal differences at the nucleotide level (π = 0.033–0.017). This could indicate
either a recent divergence between different sturgeon populations, or a population bottleneck [33]. Despite the small sample
size, our analysis of the control region supports this trend in the ancient specimens of stellate sturgeon (three) which exhibit
unique genetic lineages, as well as to some extent for the Russian (two) and beluga (five) sturgeons. The identification of
unique lineages and potential evidence of genetic bottlenecks in ancient sturgeon populations may also reflect anthropogenic
factors such as fishing pressure and habitat modification. Overfishing and targeted fishing practises, especially those aimed
at larger, migratory species like the beluga and Russian sturgeons, probably have accelerated stock decline. For example,
it is recorded that the beluga sturgeon population had a dramatic reduction upstream of the Danube Gorges owing to the
intensification of catches starting from the sixteenth century as well as the use of massive weirs and the expansion of the caviar
trade in European markets, well attested from the eighteenth century [9,11,87,88]. In addition to fishing pressure, riverbed
alterations and dam construction have significantly impacted sturgeon migratory routes [6,11,13,16], further contributing to
the isolation of gene pools and limited gene flow between populations. This geographical isolation could have reinforced
local adaptation and genetic differentiation while also reducing genetic exchange across populations. Alternatively, the limited
number of common haplotypes observed may also reflect undetected lineages rather than a decline in genetic diversity, and
could potentially increase with the inclusion of additional reference genomes. Furthermore, incorporating a larger number of
archaeological sturgeon samples may be necessary to evaluate the homogeneity of the results and to mitigate biases related to
the sample selection. Alternative approaches, such as the use of nuclear markers [36,56] could provide valuable insights into
past hybridization events and offer a more detailed understanding of the demographic history of sturgeons in the Black Sea.
Lastly, for species like A. nudiventris, which has been extirpated from the Black Sea, archaeological specimens may represent a
unique source of genetic data, offering valuable insights into the species’ past distribution and population structure.

Recent advancements in single-stranded DNA preparation protocols, combined with high-throughput sequencing, have
effectively enhanced the detection and analysis of highly fragmented aDNA molecules [41,89]. These advances hold great
promise for future research on archaeological sturgeon specimens, facilitating a more precise reconstruction of past population
structures. Our findings highlight the importance of integrating archaeological and genetic data to enhance our understanding
of the historical dynamics of aquatic species, particularly their ecological roles and the implications of human exploitation.
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