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Abstract: Knowledge of the historical and present dynamics of populations of migratory fish can 
promote our understanding of factors affecting their recruitment and abundance. Taxonomic iden-
tification of 23,802 bone remains and 13,539 scales of fish from 30 archaeological sites along Volga 
River revealed that they belonged to 41 different fish species. These data allow for retrospective 
comparisons and highlight the potential of archaeozoology in conservation biology. Sturgeons and 
salmonids are vulnerable to the impacts of fishery and climatic change. The sharp decline in the 
numbers of Starry sturgeon (Acipenser stellatus), Caspian trout (Salmo caspius), and Caspian Inconnu 
(Stenodus leucichthys) from the Volga in the 17th and 18th centuries was likely related to a cooling 
period (“Little Ice Age”). At present, the population numbers of all anadromous sturgeons and 
salmonids of the Volga River are critically low. In the Volga basin over the past two millennia, the 
sterlet (Acipenser ruthenus) has had a very large population number, high genetic (haplogroups and 
haplotypes) diversity, and large body sizes. Genetic analysis (aDNA and eDNA) has great potential 
to expand the knowledge of fish populations along large rivers and to improve long-term biomon-
itoring. Therefore, analyses of historical data, conventional surveys, as well as the inclusion of ge-
netic approaches complement each other in the development of effective conservation strategies. 
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1. Introduction 
The Volga is the longest river in Europe and the 16th longest in the world [1]. Cur-

rently, about 80 fish and lamprey species are recorded in the Volga River drainage basin 
[2].  

The Volga River basin covers an area of 1,360,000 km². This is the territory where, 
over the past 2000 years, the formation and interaction of three ethnic groups of the Euro-
pean part of Russia have taken place: Slavic, Turkic, and Finno-Ugric. In some periods, 
there was also a significant influence of the Mongolian, Baltic, and Scandinavian ethnic 
groups. All these ethnic groups of people were engaged in fishing in one form or another. 
Fishing developed intensively, including the development of trade and economic 
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relations within this territory. Starting between the 10th and 13th centuries AD, and in 
particular as a result of an increase in demand for fish and products from fish processing 
in the territory of the Volga basin, the role of collective fishing and the use of net fishing 
gear significantly increased [3,4]. There is a specialization of fishers in catching certain 
fish, primarily sturgeon and salmonid species. Catching is carried out all year round, it 
covers almost the entire species composition of commercial fish that inhabit the Volga and 
Kama rivers, both resident and anadromous [4,5]. 

Scientific information about the historical species distribution, as well as the biologi-
cal characteristics of a particular species, cover periods no earlier than the 18th century. 
However, even this information is sometimes contradictory and incomplete. In the last 
decade, there has been significant progress in the integration of archaeozoological data 
into the field of conservation biology research [6–9]. It became clear that information about 
a particular species can be significantly supplemented and refined with the help of ar-
chaeozoological material. Archaeological material reflects information related to the strat-
egy of exploitation of various biological resources [10,11], including fish [12–15], to a 
greater extent. It should be noted that the interpretation of the results obtained on the 
basis of archaeozoological materials is a very difficult task, since all the aggregate material 
in archaeological complexes has been accumulated over many years, and sometimes dec-
ades. During this time, various changes have taken place in ecosystems, which can only 
be revealed by conducting comprehensive and detailed studies of the natural conditions 
of the past (both for aquatic and for terrestrial ecosystems) for each specific region and 
time period. Often, this is the only source of information about the biological and ecolog-
ical characteristics of various species in the past, and this knowledge contributes to the 
elaboration of sustainable conservation strategies. The method of comparing samples of 
archaeoichthyological collections made it possible to reliably reconstruct long-term 
changes in the ichthyofauna of the former USSR from the Paleolithic to the Modern Age 
[16,17]; in the Polish Lowlands from the Mesolithic to the Modern Age [18]; and along the 
Austrian and Hungarian parts of the river Danube with records from the prehistoric, Ro-
man, medieval, and late/post-medieval periods [19]. At the same time, changes in the ich-
thyofauna can also be largely determined by local and regional events [4,19–21]. 

This article presents new results of the study of fish in the Volga basin in a historical 
time frame. In addition, the data obtained through the study of subfossil fish remains are 
directly related to conservation biology, as they contain information about the state of fish 
species in the past. 

2. Materials and Methods 
Our research is based on the subfossil fish remains from 30 archaeological sites (32 

collections) between the 3rd and early 19th centuries AD located in the Volga region (Fig-
ure 1 and list of archaeological sites (Supplementary S1)). The greater part of the material 
was obtained in the course of excavations between 2000 and 2022. Fish bone collections 
from archaeological sites excavated in the 1950s and 1980s were also studied. The material 
was recovered mostly from household pits; from remains of residential and commercial 
buildings; and, to a lesser extent, from cultural layers of archaeological sites. Most fish 
bone remains from archaeological sites were hand-collected. Additionally, in combination 
with hand collection, the sieving method and the flotation method were used at a number 
of archaeological sites. The dating of the cultural layers of archaeological sites from which 
bone remains were recovered was made on the basis of typologies of ceramics, coins, and 
material cultural typologies; radiocarbon dating (AMS) was used for a number of archae-
ological sites. The material used in this article was partially published earlier [4,5,14,22]. 
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Figure 1. The locations of archaeological sites from the layers of which the remains of fish were 
studied (list of archaeological sites in Supplementary S1). 

The identification of species as well as the anatomical, morphological, and age diag-
nostics of the osteological material were performed with the aid of the reference skeletal 
collection of modern fish species (60 species) from the Volga River basin of the Laboratory 
of Biomonitoring, The Institute of Problems in Ecology and Mineral Wealth, Tatarstan 
Academy of Sciences. All material was processed and studied by the authors. Quantitative 
analysis was performed using a counting unit: the number of identified specimens of bone 
remains or scales—NISP (number of identified specimens) and determined the minimum 
number of individuals (MNI) for each fish species (Table 1). Fish remains from archaeo-
logical sites provide substantial information on the biology and ecology of fish from past 
historical epochs, including the estimated length, age, and period of death (catch) of sub-
fossil fish individuals [4,23–27]. The estimation of fish body length for the species of the 
families Acipenseridae, Siluridae, and Lotidae included the total length (TL) reconstruc-
tion; for Esocidae, Cyprinidae, and Percidae, the standard length (SL); and for Salmonidae, 
Coregonidae, and Clupeidae, the fork length (FL).  
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Table 1. Representation of the number of archaeozoological collections in the Volga region where 
fish species were identified: NISP (number of identified specimens) and MNI (minimum number of 
individuals). 

Species (n = 41 + 3 Hybrids) 
Number of Archaeozoolog-

ical Collections (n = 32) 
NISPbones NISPscales MNI 

Russian sturgeon, Acipenser gueldenstaedtii  26 2609  603 
Fringebarbel sturgeon, Acipenser nudiventris  8 13  11 

Sterlet, Acipenser ruthenus   26 3864  1524 
Starry sturgeon, Acipenser stellatus  26 2771  465 

Beluga, Huso huso  22 1180  361 
Hybrid, Acipenser gueldenstaedtii × Acipenser ruthenus  1 1  1 

Hybrid, Acipenser ruthenus × Acipenser stellatus  1 1  1 
Caspian anadromous shad, Alosa kessleri  13 155 368 84 

Volga shad, Alosa volgensis  2 4 32 8 
Caspian shad, Alosa caspia  1 2  1 

Aral barbel, Luciobarbus brachycephalus caspius  2 5  2 
Bulatmai barbel, Luciobarbus capito capito  2 4  3 

Crucian carp, Carassius carassius  14 196 207 82 
Common carp, Cyprinus carpio  20 436 63 135 

Common bream, Abramis brama  28 1531 4449 819 
Blue bream, Ballerus ballerus  16 109 139 61 

White-eye bream, Ballerus sapa  6 52 24 29 
White bream, Blicca bjoerkna  16 304 340 99 
Caspian vimba, Vimba persa  1 1  1 

Common bleak, Alburnus alburnus  5 369 76 64 
Danube bleak, Alburnus chalcoides  2 8 4 5 

Asp, Aspius aspius  16 103 26 57 
Common dace, Leuciscus leuciscus  1 8  5 

Ide, Leuciscus idus  14 109 60 54 
Volga undermouth, Chondrostoma variabile  7 27  12 

Kutum, Rutilus kutum  10 32  20 
Roach, Rutilus rutilus  18 536 1424 313 

Rudd, Scardinius erythrophthalmus  6 26 15 10 
Chub, Squalis cephalus  9 28  20 
Sichel, Pelecus cultratus  9 102 216 41 

Tench, Tinca tinca  12 84  35 
Hybrid, Abramis brama × Rutilus rutilus  1 1  1 

Wels catfish, Silurus glanis  29 878  346 
Northern pike, Esox lucius  30 716 195 454 

Pereslavl lake vendace, Coregonus albula pereslavicus  1 200 11 40 
Caspian Inconnu, Stenodus leucichthys leucichthys  17 445 13 173 

Grayling, Thymallus thymallus  1 9  2 
Siberian taimen, Hucho taimen  2 5  3 
Caspian trout, Salmo caspius  13 120  70 

Burbot, Lota lota  7 30  15 
Ruffe, Gymnocephalus cernuus  5 109 68 32 

European perch, Perca fluviatilis  17 835 2685 352 
Zander, Sander lucioperca  28 1667 192 799 

Volga zander, Sander volgensis  7 14 6 13 

The size reconstructions were based on regression equations of the forms  
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SL(TL, FL) = aXL + b 

or 
(1) 

SL(TL,FL) = aXLb, (2) 

where XL is the measurement of the bone size (mm). 
Bones of the fish skeletons were measured according to published guidelines [4,27–

30]. Calculations were made in MSExcel and PAST based on a reference database of meas-
urements of bone/scale sizes and lengths of modern fish species. The regression equations 
were obtained from the database of an osteological collection of bones and scales from 
recent (20th–21st century) specimens from the Volga River basin [4,14,27,30]. The type of 
regression model and the assessment of its accuracy were determined by the coefficient 
of determination, R2 [31]. All regressions were highly significant (p < 0.001). The regression 
model selection used the Akaike Information Criterion (AIC), where lower values for AIC 
imply the best choice of the model [32]. The ability of the obtained regression equations 
to reconstruct the fish length was assessed using ANOVA and ANCOVA. The determina-
tion of the ages of the fish was carried out according to standard methods [16,33–35]. The 
archaeozoological material was divided into four periods characterizing the historical 
stages of the development of society on the territory of the Volga region: First, the period 
of the early Middle Ages (3rd–8th century AD). This was the period of “Great Migration”, 
when significant movements of various ethnic groups took place throughout the Volga 
basin. Second, the period of the developed Middle Ages (the end of the 10th to the first 
half of the 13th century AD). This period was characterized by the formation of medieval 
Slavic principalities on the upper part of the Volga basin. In the Middle Volga region, the 
states of the Volga Bulgaria had close contact and interconnection with the local Finno-
Ugric peoples, whereas in the Lower Volga region, there were numerous Turkic-speaking 
nomads. Third, the period of the Late Middle Ages (second half of the 13th to the 15th 
century AD). During this period, the Grand Duchy of Moscow was formed in the upper 
part of the Volga region and the Ulus Jochi (Golden Horde), and individual khanates (Ka-
zan, Astrakhan) were established in the Middle and Lower Volga regions. Finally, fourth 
was the period from the post-Middle Ages to the Modern Age (16th to early 19th century 
AD). By this period, almost the entire Volga River basin territorially belonged to the Rus-
sian centralized state (the Tsardom of Russia). 

Statistical processing of quantitative and qualitative data, as well as ecological inter-
pretation of archaeoichthyological collections was carried out using approaches and 
methods developed by taking into account the characteristics of this material. To assess 
the degree of change in species composition over time, we used the Whitteker measure 
[36]: 

bw = (S/α) − 1, (3) 

where S is the total number of species identified in archaeological sites for a certain time 
interval; α is the average number of species identified in 1 location (archaeological site) 
and the Menhínik species richness [37] 

DMn = S/√ N, (4) 

where S = the total number of individuals (MNI) in the archaeological sites for a certain 
time interval, and N = number of identified fish species in the collections from the archae-
ological sites for a certain time interval as a measure of the fish population exploitation 
rate (field load) to assess the degree of change in species composition over time. To exam-
ine changes in the rank of fish used specifically, we calculated the fish index, which is the 
ratio of large fish to large fish and small fish species; the larger the ratio, the greater the 
contribution of large fish [38].  
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Fish index =  

ΣMNI large fish >50 cm/ΣMNI large fish >50 cm + ΣMNI small fish < 50 cm 
(5) 

In order to estimate the dynamics of numbers from the standpoint of the Allee effect 
in the medieval and post-medieval periods, we used data from three anadromous fish 
species: starry sturgeon (Acipenser stellatus), Caspian trout (Salmo caspius) and Caspian In-
connu (Stenodus leucichthys). These species of fish are now completely extinct throughout 
the upper, middle, and northern parts of the lower reaches of the Volga River. In addition, 
the dynamics of their numbers for 200 years in these areas have shown a catastrophic de-
cline. To compare with the indicators of these species, we used data on the most numerous 
and main commercial fish species—the sterlet (Acipenser ruthenus). The abundance of this 
species during the late Holocene was very high in the Volga basin [14,39]. Therefore, we 
put forward the assumption that such population dynamics have roots in earlier periods 
and are associated both with the intensity of fishing and with climate changes that took 
place in the Middle Ages. To obtain a reliable picture of the dynamics of the abundance 
of these species and the factors influencing its parameters, we used the following data:  
• To estimate the value of each of these species in ancient catches according to historical 

periods, we introduced a species-index (“index Salmo caspius”, “index Acipenser stel-
latus”, “index Stenodus leucichthys”, “index Acipenser ruthenus”) expressing the ratio 
of the total number of individuals (MNI) of the special species to the total number of 
individuals (MNI) of other fish species. Such indices are successfully used in the anal-
ysis of archaeozoological materials, in particular, fish remains [14,20]. 

• To assess trends in fish size over time, the LSI, “Logarithmic size Index”, used this 
index, which is often used in archaeozoology, and was assessed in comparison with 
the sizes of fish from modern populations: LSI = log (Mx/Ms) = log (Mx) − log (Ms) 
(Mx: average restored size (length) of fish (TL—sturgeons and Lsm—salmonids) in 
samples for each historical period (Ms: average size of fish (length) in samples for the 
first half of the 20th century from the Volga River as a standard sample). The average 
sizes of fish (length) (TL—Acipenser stellatus, Acipenser ruthenus, and Lsm—salmon-
ids) in samples from the first half of the 20th century from the Volga River are: starry 
sturgeon—133.3 cm [40,41]; Acipenser ruthenus—42.9 cm [42]; Salmo caspius—88.4 cm 
[43]; and Stenodus leucichthys—89.0 cm [41]. 

• One of the key environmental factors affecting fish populations is climate change. 
The main climate component is temperature. In the past two decades, much data 
have been obtained on temperature changes over the last two millennia in the North-
ern Hemisphere, including the Russian Plain within the Volga basin [44]. Based on 
these data, we reconstructed the indicators of average annual air temperature for 
each of the four time periods within the entire Volga basin (Table 1). For this purpose, 
the perennial fields of average annual air temperature (average data for 1951–1980) 
of meteorological stations in 22 nodal geographical squares of 250 km × 250 km on 
the territory of the Volga basin were analyzed (data obtained from the database of 
the All-Russian Research Institute of Hydrometeorology and Information Center 
http://meteo.ru/, accessed on 2 February 2024). For the values of the deviation of the 
average annual temperature from the average data of 1951 to 1980 for each century, 
data from the work of V. Klimenko and O. Solomina [44] were used. 

• Another environmental factor related to climate change and significantly affecting 
the number of anadromous fish is the hydrological regime. Over the past two thou-
sand years, the level regime of the Caspian Sea has changed significantly. The water 
balance of the Caspian Sea is determined mainly by river runoff and precipitation 
(input part) and evaporation (expenditure part). In the input part, the river Volga 
plays a decisive role, the share of which is approximately 80% of the total water input 
into the sea. It is believed that the fluctuation in the sea level is determined by climate 
fluctuations in the entire vast Caspian basin. The average change in the level of the 
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Caspian Sea for each of the four time periods (Table 1) is calculated according to the 
data from the monograph “The Caspian Sea: Extreme Hydrological Events” ([45]. 
Over the past 2000 years, the range of changes in the level of the Caspian Sea (by 
decade) was 11.2 m: from –34.5 to –23.3 m. The minimum levels over the centuries in 
the last 2000 years were during the Derbent regression in the 6th century AD (on 
average for the century—32.7 m) and in the 12th century during the period of the 
“Medieval Temperature Maximum” (on average for the century—30.7 m). The great-
est levels occurred in the 17th and 18th centuries, during the “Little Ice Age” (on av-
erage for each century:24.8 m and 24.5 m, respectively). 
Based on the data obtained on the biological parameters of the three species of anad-

romous fish and on the environmental factors indirectly or directly influencing the dy-
namics of the abundance of four species over the four historical periods of the Late Holo-
cene, a principal components analysis (PCA) was conducted. Computer-based statistical 
analyses were performed using the program complex PAST, version 4.14 [32]. 

Ancient DNA sequencing data can be used to reconstruct genetic variation among 
populations. To study the genetic structure, we chose the most numerous species whose 
bone remains dominated in the layers of archaeological sites—the sterlet (Acipenser 
ruthenus). To clarify the genetic structure and continuity of sterlet populations in the Volga 
basin over time, as well as to determine whether they were isolated from populations from 
other river basins in the past, we studied the ancient DNA (490 bp fragment of mitochon-
drial D-loop) of 18 sterlet samples from archaeological sites in the Volga basin (Figures 1 
and S2) and compared these fragments to contemporary haplotypes from European and 
Asian rivers. The methodology for sterlet DNA research is given in Supplementary S2 [46–
56]. The obtained sequences were deposited in the GenBank database under accession 
numbers: OM927985-OM928002 and OM928003-OM928007. 

3. Results 
Taxonomic identification of 23,802 bone remains and 13,539 scales of fish from 30 (32 

collections) archaeological sites of the Volga River region revealed that they belonged to 
41 species of fish and 3 interspecific hybrids from 10 families (Table 1). According to the 
number of individual (MNI) representation at archaeological sites, ten species of fish pre-
vailed: sterlet (Acipenser ruthenus), common bream (Abramis brama), Zander (Sander lu-
cioperca), Russian sturgeon (Acipenser gueldenstaedtii), starry Sturgeon (Acipenser stellatus), 
Northern Pike (Esox lucius), Beluga (Huso huso), European perch (Perca fluviatilis), wels 
catfish (Silurus glanis), and common roach (Rutilus rutilus) (Table 1). Of interest is the iden-
tification of bone remains of such species as Aral barbel (Luciobarbus brachycephalus) and 
Bulatmai barbel (Luciobarbus capito), and the bone findings of the Kutum (Rutilus kutum) 
at 10 sites prove that the ranges of these species in the past were more extensive in the 
Volga basin than previously thought. The revealed composition of the ichthyofauna indi-
cated their existence between the 3rd and early 19th centuries AD in the Volga River, a 
typical river ecosystem characteristic of large rivers with a high number of anadromous 
rheophilic–eurytopic fish (14 species) and eurytopic freshwater fish (13 species) in combi-
nation with the presence of rheophilic (10) and limnophilic (4) species. 

Biodiversity Measures from Archaeoichthyological Collections  
• Calculations of the Whittaker measure showed that the highest values were observed 

in the period of the 10th century to the first half of the 13th century, and the lowest 
in the second half of the 13th–15th centuries as well as in the 16th and early 19th 
centuries. This confirms that, where there are fewer common species in archaeoich-
thyological collections, their β-diversity is greater, and that there were quite large 
differences in the species composition of fish at archaeological sites within a certain 
period. This may indicate the fishing preferences in relation to species or groups of 
fish over a given period of time or a certain region. 
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• Menhínik species richness index values showed that, in the first three historical peri-
ods, commercial exploitation of fish stocks was approximately the same, but in the 
period of the 16th–early 19th century, it increased significantly due to an increase in 
the number of species and a change in the ratio of species in catches, as well as, in 
connection with this, an increase in the commercial exploitation of all species of fish.  
The PCA based on the biological parameters of four fish species, as well as the biodi-

versity and environmental factors of four historical periods, showed that the first two 
components of the analysis explained 82.03% of the total period’s parameter variance (Fig-
ure 2). All periods were significantly and positively correlated with the primary axis, 
which accounted for 50.92% of the variation. The sequence along the first axis showed that 
the common factors influencing the parameters were changes in the level of the Caspian 
Sea and the average annual temperature (Table 2). It can be seen that the high level of the 
Caspian Sea was negatively associated with the “index Salmo caspius”, “index Stenodus 
leucichthys”, the sizes of Caspian trout and starry Sturgeon (see LSI Salmo caspius and 
Acipenser stellatus), and the Whittaker measure (Bw). At the same time, the high level of 
the Caspian Sea was positively associated with size of Caspian Inconnu (LSI Stenodus leu-
cichthys), the number of sterlet (“index Acipenser ruthenus”), and the fish index. The aver-
age annual temperature, opposite to the level of the Caspian Sea, was positively associated 
with an increase in indicators such as the numbers of Caspian trout (“index Salmo caspius”) 
and Caspian Inconnu (“index Stenodus leucichthys”), the size of starry Sturgeon (LSI 
Acipenser stellatus), and the level of biodiversity (Whittaker measure (Bw)). An increase in 
temperature was negatively associated with the size of the Caspian Inconnu (LSI Stenodus 
leucichthys) and the number of sterlet (“index Acipenser ruthenus”). Separate positions on 
this axis were determined for the periods of the 10th–13th century AD and the 16th—early 
19th century AD). The second axis, apparently, reflects to a greater extent differences in 
trends in the number of starry sturgeon (“index Acipenser stellatus “), the size of sterlet (LSI 
Acipenser ruthenus), the values of the fish index, and the Menhínik species richness index 
(DMn). Separate positions on this axis are allocated for the periods of the 13th–15th cen-
tury AD and the 3rd–8th century AD. Thus, the hypothesis regarding the important influ-
ence of environmental factors such as the level of the Caspian Sea and the temperature on 
the relative abundance and size of the four studied species and on the ichthyofauna as a 
whole is confirmed. The analysis shows that the intensity of commercial exploitation, re-
garding individual species and the ichthyofauna as a whole, increased significantly from 
the early Middle Ages to the post-Middle Ages and until modern times along the river 
gradient of the Volga River. 
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Figure 2. Principal component analysis (PCA) of biological parameters of four fish species; commer-
cial characteristics of fish fauna, biodiversity, and environmental factors. 

• Historical stages in the development of society in the Volga region: 3rd–8th cc. AD, 
10th–the first half of the 13th cc. AD, second half of the 13th–15th cc. AD, 16th–early 
19th cc. AD. bw, Whittaker measure; DMn, index of species richness of Menhinik.  

• Fish index, the ratio ΣMNI large fish >50 cm to ΣMNI large fish >50 cm + ΣMNI small 
fish < 50 cm. 

• Index Acipenser stellatus, index Salmo caspius, index Stenodus leucichthys, index 
Acipenser ruthenus: species indices expressing the ratio of the number of remains of a 
species to the number of bone remains of other fish species. 

• LSI Acipenser stellatus, LSI Salmo caspius, LSI Stenodus leucichthys, LSI Acipenser 
ruthenus: comparative fish size indices; annual average temperature and average an-
nual temperature indicators; Caspian Sea level and changes in the level of the Cas-
pian Sea. 

Table 2. Data of biological parameters of four fish species. Commercial characteristics of fish fauna, 
biodiversity, and environmental factors in four periods (n = number of reconstructed sizes of sub-
fossil fish). 

 
3rd–8th cc. 

AD 

10th–First Half 
of the 13th cc. 

AD 

Second Half of 
the 13th–15th 

cc. AD 

16th–Early 
19th cc. 

AD 
Index Stenodus leucichthys 0.055 0.033 0.011 0.012 

Index Salmo caspius 0.016 0.012 0.004 0.011 
Index Acipenser stellatus 0.087 0.058 0.077 0.056 
Index Acipenser ruthenus 0.271 0.137 0.406 0.276 

LSI Acipenser stellatus (n = 350) 0.075 0.041 0.030 0.038 
LSI Acipenser ruthenus (n = 1268) 0.086 0.149 0.132 0.150 

LSI Salmo caspius (n = 53) 0.009 −0.027 −0.065 −0.01 
LSI Stenodus leucichthys (n = 95) −0.023 −0.037 −0.013 −0.018 
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Caspian Sea level −29.224 −29.217 −26.316 −25.796 
Annual average temperature 3.16 3.54 3.15 3.0 

(bw) 1.453 1.4823 1.000 1.0488 
(DMn) 0.8214 0.7093 0.6918 1.095 

Fish index 0.7485 0.5622 0.7972 0.6928 

Phylogeography of ancient and contemporary sterlet in the Volga basin revealed that 
ancient sterlet samples with haplotypes from haplogroups C, E, and F were evenly dis-
tributed across all examined localities (Figure 3).  

 

Figure 3. Distribution of ancient (an) and contemporary (m) haplotypes closely related to major 
sterlet (Acipenser ruthenus) haplogroups in Volga region. 

Most samples belonged to haplogroup E, which seems to be dominant in the Volga 
basin. Haplotypes C and F seemed to be evenly distributed across different basins, but at 
low frequencies. Although the contemporary samples were collected from only one local-
ity, they demonstrated high haplotype diversity. When comparing subfossil and contem-
porary sterlet samples in the Volga basin, high haplotype diversity was observed among 
both ancient and modern samples. Analysis of the mtDNA control region sequences of 
the subfossil samples showed that their haplotypes were similar to the contemporary hap-
logroups of the Volga basin. The sampling size in this study is not sufficient to make any 
statistically significant conclusions regarding the genetic diversity of the contemporary 
population, but we can roughly estimate that the haplotype diversity of sterlet in the 
Volga is comparable to that of the 4th–18th century AD populations. Although the time 
frame of the ancient sample from the Volga River basin is quite wide, we did not find 
differentiation or clustering of haplotypes according to the ages of the samples. Five con-
temporary samples from the Kama river basin all had different, previously unpublished 
haplotypes—E3A, E3A1, E3G, C1B1, F2, and F3—and belonged to three haplogroups: C, 
E, and F. These haplogroups also occur in the Siberian rivers [46]. One of the contempo-
rary samples from the Kama had a unique haplotype, C1B1. Previously, we described 
haplotypes from the haplogroup C in the Ob-Irtysh river basin only. Ancient samples an2, 
an30, an38 also belonged to this haplogroup. A single ancient sample, an7, was very close 
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to haplogroup B and is widely distributed in Siberian Rivers, especially in Yenisei, the 
eastern part of the species range. The sample An11 was close to the central node and, thus, 
may represent an ancient and currently extinct lineage. The sample an45 seemed to be 
basal to a clade comprising haplogroups A, G, and H. Previously, we assumed that repre-
sentatives of haplogroups G and H retained many ancestral positions [46]. 

In general, our data confirm the presence of some genetic isolation in Volga River 
sterlet populations. Thus, in the sterlet population system, there are haplotypes (C1B1, 
E3A1, E3G, F2, and F3) characteristic only of the Volga basin. Also, in the Volga basin, 
there are so-called “common” haplogroups (C, E, F) represented in the Ob and Yenissei 
river systems (see [46]). This trend can be visualized by constructing a sequence matrix of 
the distribution of sterlet haplogroups according to the gradient of the location of the river 
basin from West to East, from the Volga River basin to the Yenisei River basin, using an 
algorithm based on the presence and absence of haplogroups along the geographic gradi-
ent (Figure 4). 

 
Figure 4. Matrix of sterlet haplogroup distribution based on the presence and absence of contempo-
rary and ancient haplogroups along the geographic gradient (West–East). The matrix was built us-
ing PAST software v. 4.12 [32]. 

4. Discussion 
Using the example of three fish species (Acipenser stellatus, Salmo caspius, and Stenodus 

leucichthys), we were able to consider the issues of the historical dynamics of the popula-
tion size. The fate of these species in the past is a vivid example of the extinction of species 
from the ichthyofauna of the region under the influence of climatic and anthropogenic 
factors. Sturgeons and salmonids were among the most important species of the ancient 
and historical Volga River fishery. These species are highly vulnerable to the impacts of 
fishery and climate change due to their specific behavior and life history. The spawning 
migration of these species can last more than a year. This has allowed some spawning 
groups to perform in the most remote upper reaches of the Volga River basin, for example, 
the upper reaches of the Kama River. Intense overfishing of populations and climate 
change resulted in a significant decline in catches in the upper and middle zones of the 
Volga River basin in the medieval and post-medieval times. The sharp decline in numbers 
and the disappearance of anadromous starry sturgeon (Acipenser stellatus), Caspian trout 
(Salmo caspius), and Caspian Inconnu (Stenodus leucichthys) from the Upper and Middle 
Volga seems to have occurred in the 17th and 18th centuries. We associate this with cli-
mate change in this period in the direction of sharp cooling. In this period, there was a 
maximum of the so-called “Little Ice Age”. Apparently, as a result of this process, there 
were significant difficulties in the survival of these species in the winter period. This af-
fected both the success of extensive migration and spawning and development of juve-
niles afterward. In addition, overly active fishing of these species overlapped with climatic 
changes. As a consequence, destabilization of the populations of these species occurred, 
which led to the loss of extensive spawning migrations to the Upper and Middle Volga. 
At the same time, the numbers and sizes of non-migratory sterlet (Acipenser ruthenus) were 
high in all historical periods, which allowed the people of ancient settlements on the Volga 
River to intensively exploit the stocks of this species. Regular fishing for anadromous stur-
geon and salmonids gradually faded in the middle and upper reaches of the Volga during 
the 19th century [57], but even until the first half of the 20th century, in the northern 
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segment of the Lower Volga and in the lower reaches of the Kama, regular fishing was 
utilized for certain anadromous species such as Beluga (Huso huso), Russian sturgeon 
(Acipenser gueldenstaedtii), and Caspian Inconnu (Stenodus leucichthys) (see [41]).  

From the beginning of the second half of the 20th century, almost the entire habitat 
of both the Middle and Lower Volga, especially spawning grounds, wintering pits, and 
migration routes, was changed as a result of extensive river engineering and giant hydrau-
lic construction [58,59]. The catch numbers of anadromous sturgeons and salmonids con-
tinued to decline [2,58]. Indeed, the entire catch of anadromous sturgeons and salmonids 
in the second half of the 20th century in the northern part of the Lower Volga (from Sa-
mara to the confluence of the Kama River) was less than a one-day capture of these species 
on one of the fishing sites, for example, in the 15th or 16th century AD [3–5]. At the mo-
ment, the numbers of all anadromous sturgeon and salmonid species of the Volga River 
are close to extinction. And it is not known for how long these species can exist on the 
verge of extinction, because when the population reaches the minimum number of indi-
viduals, it degrades—this is one of the components of the Allee effect. 

Recently, an opinion has emerged that the archaeological remains of fish create a 
somewhat distorted picture of fish assemblages of the past; fish remains from archaeolog-
ical sites provide reliable comparisons only for large fish species, which are the mainstay 
of manual sampling from archaeological strata given that this limited material may reflect 
regional differences [19,20]. This opinion cannot be unambiguous, so we compare our re-
sults with the results of an assessment of long-term changes in the ichthyofauna of the 
second largest river system in Europe, the Danube River basin [19]. We can see that the 
two main river systems of Europe are characterized by fairly large differences in the spe-
cies composition of fish at archaeological sites within a certain historical period, which 
may indicate the fishing preferences of the peoples in relation to species or groups of fish 
for a given period of time or region. In both river systems, a geographic (regional) gradient 
is clearly visible in the distribution of fish species. Data from the Volga and Danube 
showed that there was a trend indicating an increase in the number of species of fish 
caught in the fishery from the early Middle Ages to the Post-Middle Ages and the modern 
period. In both river systems, the existence of a typical river ecosystem in the Middle Ages 
and early modern period, characteristic of a large river with a high numerical content of 
rheophilic and anadromous fish species in the ichthyofauna, has been confirmed. The dif-
ferences in the fishing ichthyofaunas of the Volga and Danube are revealed quite clearly:  
• The Volga river system was characterized by four species of sturgeon, wels catfish, 

zander, and common bream, with the inclusion of a large number of species of cypri-
nids, Northern pike, European perch, and Caspian inconnu. The Danube was char-
acterized by common carp, northern pike, cyprinids, wels catfish, and sturgeons. 

• A significant change in fishing ichthyofaunas in the Volga River system occurred in 
the Danube during the 19th century, at the end of the Middle Ages to the beginning 
of the modern period. 
With our contribution, we want to highlight a framework for a holistic assessment of 

the fish stock in a large river (Figure 5), which consists of (i) archaeozoology, (ii) historical 
records, (iii) data from inland fisheries, (iv) scientific catch, (v) genetic data, and (vi) bio-
diversity assessment. In the Volga basin, all aspects were analyzed, and we highlight the 
need to bring this information together. Archaeozoological surveys were carried out in 
the Volga basin, as summarized herein (see also [4,5]). Regarding historical records, stud-
ies of the fish communities in the Volga basin date back to the Great Academic Expeditions 
in 1768 [60,61].  
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Figure 5. Framework for a holistic assessment of the fish stock in a large river system. 

The Volga River is important for inland fisheries; thus, the commercial fish catch is 
well documented [2,62–65]. The annual catch is about 40,000 t [57]. In the 17th century, 
sturgeon catches of 50,000 tons per year were reported, which decreased to 13,500 t around 
1930 and 4900 t in 1946; in the 1970s and 1980s, the sturgeon catch again reached 20,000–
25,000 t, with a sharp decrease to 400 t in 2004 [66]. From 1952 to 1990, the catch was never 
below 6000 t, and usually ranged between 7160 and 16,770 t (in 1977, it even reached 27,200 
t in the entire Caspian basin). This later dropped dramatically, i.e., in 1992, the catches of 
Russian sturgeon, starry sturgeon, and beluga sturgeon were 3790, 2440, and 300 t, respec-
tively [67]. Scientific catch is often carried out with gill-nets, seines, and dragnets (e.g., 
[68,69]). Long-term datasets are very valuable for our understanding of the dynamics of 
fish stock [70].  

Currently, the main watercourses of the Volga River and its main tributaries are al-
most completely regulated by hydroelectric dams, and the floodplains are flooded with 
water from reservoirs. As such, there is an urgent need to study changes and long-term 
assessment of the biodiversity, biology, and ecology of fish populations in small- and me-
dium-sized rivers and lakes of the Volga River basin. The results of research over the past 
two decades have shown that small- and medium-sized watercourses are refugia for the 
conservation and maintenance of rheophilic species with high biodiversity, and small 
lakes for typical native limnophilic fish species [71–74].  

Population genetic analysis and fish ecology research have shown that, in a number 
of small- and medium-sized tributaries of the Middle Volga and Kama, populations of 
brook trout have been preserved, retaining genetic diversity of the Volga population 
group of Caspian trout (Salmo caspius), which has practically disappeared from the wild 
[75]. Furthermore, genetic diversity and ecological patterns of European populations of 
Siberian taimen (Hucho taimen) have been preserved in tributaries of the upper Kama and 
tributaries of the upper part of the river Belaya (the largest tributary of the Kama River) 
[74,76]. Recently, environmental DNA metabarcoding has been used to assess the fish 
fauna of the Volga River headwaters [77,78]. This noninvasive approach enables the 
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determination of the number of species in an aquatic ecosystem, as well as their identity 
and distribution. 

By examining modern and ancient DNA, a pattern of genetic divergence among Eur-
asian freshwater fish species can be observed. For example, for the Siberian taimen (Hucho 
taimen Pallas, 1773), there are only minor differences in populations between the Volga 
river basin and Western Siberian rivers [76], while the European grayling (Thymallus thy-
mallus Linnaeus, 1758) demonstrates significant differences even within the Eastern Euro-
pean river basins [79]. Compared to other valuable commercial fish species, such as the 
zander (Sander lucioperca), Volga pikeperch (Sander volgensis) [80], and wels catfish (Silurus 
glanis) [81], that inhabit the Volga basin, in this study, the number of sterlet haplogroups 
and haplotype diversity was found to be very high. Our data on sterlet suggests a possible 
exchange of ichthyofauna between Siberia and European river basins during the second 
half of the Pleistocene through an extensive system of dammed lakes to the north and east 
of the Russian Plain and Western Siberia. This was proposed for other freshwater species 
as well [76,79,82–86]. Genetic analyses, such as ancient DNA and environmental DNA 
studies, have great potential to increase the knowledge of historical fish populations in 
large rivers and long-term changes in ichthyofauna. Sturgeon samples from archaeologi-
cal excavation in the Volga region seem to have sufficient preservation for ancient DNA 
studies. Our study revealed the genetic continuity of sterlet from the 3rd century AD until 
today. This should be considered when developing programs for the restoration of this 
species. 

5. Conclusions 
At present, the population numbers of all sturgeons and salmonids of the Volga River 

are critically low. Therefore, the proposed framework, i.e., analyses of historical data, con-
ventional surveys, and the inclusion of genetic approaches, is essential for the develop-
ment of appropriate conservation strategies. 

Reconstructions of biological parameters and data on the population characteristics 
of four anadromous fish species based on materials from archaeological sites can be used 
for operational forecasts and the development of simulation dynamics of the modern pop-
ulations of these species. As such, it is necessary to rethink the meaning of subfossil animal 
remains, their importance, and their practical components in the conservation of the bio-
diversity of rare and endangered species. Their modern and ancient gene pools should 
also be considered, and these studies should be included in modern programs on conser-
vation biology implemented in Russia, including those focusing on sturgeon and salm-
onid species. The approaches and methods used in our work for the analysis of subfossil 
fish remains from archaeological sites make it possible to expand the range of methods 
applicable to archaeoichthyological material. 
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