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Abstract

:

The study of the dynamics of the European pond turtle’s Emys orbicularis range and distribution as an indicator of climate change in the past, present, and future is most relevant in connection with the protected status of this species in Europe. Based on our original finds, 25 archaeological sites yielding 1623 remains of 1504 individuals of subfossil pond turtles, current marginal distribution in Latvia, Ukraine, Russia, and literature data, we analyzed 437 records of Holocene turtles and 2847 current records of pond turtles. We identified areas that could serve as refugia for E. orbicularis, as a result of GIS modeling, while using 19 bioclimatic variables from the Worldclim and PaleoClim data bases. The data obtained confirm current hypotheses regarding the origin of more than 10 mtDNA lineages of E. orbicularis and the existence of multiple glacial refugia, and considerable Holocene home range dynamics.
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1. Introduction


The literature presents data on the reconstruction of fluctuations of the European pond turtle’s Emys orbicularis (Linnaeus, 1758) home range during the Holocene period for Northern and Central Europe [1,2,3,4]. After the glaciers’ melting in the early Holocene, the turtle experienced a rapid expansion of its range, and there are also findings of subfossil records of E. orbicularis in the Northern and Baltic seas, including the United Kingdom, Baltic countries, Sweden, Finland, Belarus, and Russia [4,5,6,7,8]. The expansion of the turtle range coincided with the Holocene climatic optimum about 10,100–5700 years ago [9]. Thus, according to some sources, the reindeer disappeared from southern Sweden ca. 10,300 years ago, whereas the pond turtle colonized the area ca. 9,860 years ago, with a 450-year gap between species [4], when the annual mean temperatures were approximately 1–2 °C higher than today. In the following climatic optimum (Atlantic), the temperatures remained 2.5 °C higher than today for nearly 3000 years and E. orbicularis reached its maximum distribution during that time [6]. After that, the home area of the turtle underwent fluctuations, depending on temperature and other factors. Accordingly, the disappearance of the turtle from some parts of the range could have been associated with human influence [1,10]. Moreover, European pond turtles probably served as food for prehistoric humans in Vorarlberg, as indicated by the presence of turtles’ bones in prehistoric settlements [11].



However, the issues of the fluctuations of the home range of the species during different periods of the Holocene have not yet been fully studied, since the literature does not contain more or less complete data on the distribution of the turtle in the eastern part of the area [12]. There are some data from Ukraine. For instance, K. A. Tatarinov [13] reported the findings of E. orbicularis dating back to the Pliocene–Early Holocene periods: in the Polessie (alluvial sands, Rivne region), in the Western and Central Podolia, and in the Eastern Carpathian region. Additionally, turtles’ remnants were found in layers dated the Neolithic-Eneolithic, in settlements that dated back to the Bronze Age in Republic of Bashkortostan, Republic of Mari El, Republic of Tatarstan, in Samara, Nizhniy Novgorod, Orenburg regions, Russia [14]. For the most part, there is very little information from Ukraine and Russia. Therefore, the purpose of our work is to carry out research and specifically to collect data in Ukraine, Russia, and Latvia concerning the subfossil records of E. orbicularis; for comparisons our current data was used [15,16,17,18,19]. It was important to confirm the existing and original hypotheses, it was also necessary to conduct a GIS-analysis of the climate change’s effects on the turtles’ distribution. The importance and uniqueness of the collected materials is that, as a rule, the remnants of subfossil turtles do not approach zoologists for research, as archaeologists are only primarily interested in the remains of turtles that were used for ritual purposes or bearing traces of processing by man. Archaeologists usually are unable to identify fragments of bones and the carapace to the species level and these remnants are thrown out at the excavation site. Accordingly, the bulk of the pond turtles’ findings are not included in archaeological publications and are used for the first time.




2. Materials and Methods


2.1. Study Area


The article was based on the material that was collected during the excavations of archaeological sites; the expedition leaders have provided all datings (Table 1). The age of the sites spans from the Neolithic to the Middle Ages, covering the territory from Crimea and the western regions of present Ukraine to Lipetsk and Voronezh regions of the Russian Federation. The large sample size, 1623 remains from 1504 individuals of subfossil pond turtles, was obtained by the archeozoologist (Ye. Yanish) from 80 archaeological sites in 2006–2018. Of these, the remains of turtles were found at 25 sites (Table 1).



At the same time, the amount of all the animal bones that were examined consisted of more than 80,000 units, among which 1623 turtles’ bones were found. The bones and fragments of carapaces were revealed in osteological materials and studied by the archeozoologist Ye. Yanish. Additionally, the literature data [4,5,6,7,20] was used for the analysis, for which a database was created with 437 record of Holocene turtles. For comparison and GIS-analysis, the extant turtles (2847) were used: GBIF [21], Ukraine (original data of Nekrasova O.), Baltic countries (Latvia, original data of Pupins M. [5,15,16,17,18,19]); Belarus [8,22,23], Russia, and Kazakhstan [24,25,26,27,28].




2.2. GIS Modelling


GIS-analysis of the climate change’s effects on the turtles’ distribution was accomplished while using the Maxent algorithm, proven for the good performance and accuracy for species distribution modelling (SDM) studies [29]. Maxent is a machine learning algorithm, the main advantage of which is that, in comparison with other methods, it only needs presence point data, besides the environmental layers. Pseudo-absence points are randomly generated and used instead of true absences. Maxent provides output data in various formats. The logistic format (values range from 0 to 1) is recommended, because it allows for an easier and potentially more accurate interpretation of habitat suitability when compared to the other approaches [30]. The performance of the Maxent models are evaluated by the receiver operating characteristic (ROC) approach and calculating the area under the ROC curve (AUC) as a measure of prediction success. Values that are greater than 0.5 indicate a better-than-random performance event and higher values of 0.6–0.8, 0.8–0.9, and 0.9–1.0 are considered of “good”, “very good”, and “excellent” performance, respectively [31]. WorldClim [32] and PaleoClim [33] were the climate data sets used. These are sets of global climate layers (gridded climate data; we used a 10 arcmin resolution), including temperature and precipitation, and 19 bioclimatic variables that were derived from the monthly temperature and rainfall values in order to generate biologically meaningful variables. These are often used in SDMs and related ecological modeling techniques. The bioclimatic variables represent annual trends, seasonality, and extreme and/or limiting environmental factors. In PaleoClim, these akin to WorldClim have been reconstructed for the early-, mid-, and late Holocene.



Bioclimatic variables are coded as follows are coded, as follows:




	
BIO1 = Annual Mean Temperature



	
BIO2 = Mean Diurnal Range (Mean of monthly (max temp - min temp))



	
BIO3 = Isothermality (BIO2/BIO7) (* 100)



	
BIO4 = Temperature Seasonality (standard deviation *100)



	
BIO5 = Max Temperature of Warmest Month



	
BIO6 = Min Temperature of Coldest Month



	
BIO7 = Temperature Annual Range (BIO5-BIO6)



	
BIO8 = Mean Temperature of Wettest Quarter



	
BIO9 = Mean Temperature of Driest Quarter



	
BIO10 = Mean Temperature of Warmest Quarter



	
BIO11 = Mean Temperature of Coldest Quarter



	
BIO12 = Annual Precipitation



	
BIO13 = Precipitation of Wettest Month



	
BIO14 = Precipitation of Driest Month



	
BIO15 = Precipitation Seasonality (Coefficient of Variation)



	
BIO16 = Precipitation of Wettest Quarter



	
BIO17 = Precipitation of Driest Quarter



	
BIO18 = Precipitation of Warmest Quarter



	
BIO19 = Precipitation of Coldest Quarter










3. Results


Large accumulations of turtles’ remains were found as a result of investigation of 25 archaeological sites, from which up to 748 individuals were identified (Table 1, Figure 1).



Individual fragments and single specimens were more common, but accumulations of bone remains were found in the Lipetsk region (Russia), 243 specimens in one place, and in the Luhansk region (Ukraine), 272 individuals, and 748 individuals in two places. Such unique findings of remains’ clusters are most likely explained by culinary preferences, and possibly the traditional uses of turtles not only for culinary, but also for other practical purposes: sometimes turtle’s carapace was used as a dish or decoration. Such traditional exchanges of turtle artifacts or pets between human settlements could lead to the appearance of turtle remnants or even live animals in the most unusual places. However, only suitable climatic conditions can support the survival of alien turtles in a natural habitat. Therefore, it is necessary to analyze, not only the findings of turtles themselves, but also the climatic conditions of those distant ages while using paleoclimatic data.



When comparing our unique archaeological findings with the modern distribution of pond turtles, we came to the conclusion that turtles that were found around the Black Sea and on the adjacent islands (Berezan, Olbia of Mykolaiv region, Ukraine) are of particular interest [34]. Today, brackish water surrounds these habitats and are not very suitable for present turtles. According to paleoclimatic data, these places were marshlands with fresh water in the early Holocene. The Black Sea level was 105 m lower than today aound 10,000 years ago, and the delta estuaries (Danube-Don) were united into a single delta system [35]. 1623 remains of 1504 individuals of subfossil pond turtles (Figure 2 and Figure 3a) were found in the “Neolithic settlement” archaeological finding as a result of field studies (2006–2018) that covered 25 archaeological sites.



In addition, our research in Latvia [15,16,17,18,19], Russia, and Ukraine most fully helped to study the current distribution of the pond turtle. We analyzed 437 records of Holocene turtles and 2847 current records while using the obtained database (original and literary data). We discovered areas that in the past could serve as glacial refugia for E. orbicularis by performing a GIS-modeling procedure and using 19 bioclimatic variables from the Worldclim and PaleoClim databases. The data obtained confirms hypotheses that were expressed by other authors regarding the origin of more than 10 mitochondrial lineage and eight subspecies [3,6,36,37,38,39,40,41].



The received GIS-model (SDM) of the Early Holocene (Figure 4) clearly shows that the advancement to the north of the turtle range was also possible, thanks to the land bridges between the mainland and the peninsulas, when considering that the Baltic Sea was freshwater then [6,42]. During different periods of the Holocene, the climate could change and the turtle range varied accordingly. Subsequently, the onset of boreal and other northern elements to the south and west occurred during the cool-wet inter-century era of the second half of the XVth century—the end of the IXth century (“Little Ice Age”) [14]. The turtle has disappeared from many northern marginal localities.



An opposite trend is expected by 2020–2030. Current trends in climate change confirm that the turtles’ range is expanding in the north-eastern direction in the present and future. Further expansion of the species to the Baltic countries is possible, according to our forecasts (GIS-model). Interestingly, the archaeological finding in the “Neolithic settlement Vasil’yevskiy kordon-27”, where the remains of up to 70 individuals of turtles, which today coincides with the modern-day marginal north-eastern findings of turtles in the Lipetsk region (2018, 52.97° N, 40.01° E, Figure 1 (record No. 2), Figure 3a). Earlier (about five years ago), the turtles were not registered here.



Pulsation of the turtles’ homerange was observed throughout the Holocene, especially in the northern part of their range. From 1820 to 1927, a total of 12 turtles’ occurrence points were recorded [10,43]. Modern records included 19 new findings of E. orbicularis (1970–2017) that herpetologists in Latvia confirmed, including the northern part of the country [15,16,17,18,19] (Figure 3b).



The research has shown the existence of ten deeply divergent mitochondrial lineages with many haplotypes, which correspond to a pronounced phylogeographic structure [3,36,37]. When studying local turtles’ populations while using genetic methods in different countries (for example—Austria, Czech Republic, Corsica, and Sardinia islands, etc.), it was found that most of them are introduced species [11,20,39,40]. While using genetic methods, it is possible to oftenly differentiate between the native and introduced turtles. In addition, until the 1980s, huge numbers of European pond turtles were sold as pets [37]. Pet turtles can escape or be released into the wild [44,46,47].



The results of GIS modeling confirm the previously described hypotheses of the origin of seven mtDNA genetic lineages: I—eastern Europe and Asia Minor, II—central Europe and central Balkan, III—southern Italy, IV—around the Adriatic Sea, V—the northwest coast of the Mediterranean, VI—Iberia and Northern Africa, VII—the Caspian region, VIII—southern coast of Turkey, and IX—eastern Algeria, Tunisia (Figure 4 [3,6,36,37,38,41]).



Turtles’ distribution is associated with climate, and the key factors that determine the survival of northern populations include adequate temperature and level of solar radiation in summer, which are necessary for the successful incubation of eggs [1,2,6,10,22,23].




4. Discussion


The data obtained confirms the hypotheses that are described in the literature regarding the existence of at least 10 major refugia, where new genetic lineages were formed ([3,5,43]; Figure 4).



The leading role in the formation of landscapes in the Holocene was played by climatic factors: a decrease or increase in the temperature of the growing season, decrease or increase in the severity of the winter period, and human activity. The spreading of most species of vertebrates in the Holocene of Eastern Europe proceeded within the framework of six macroclimatic cycles that developed in the range of 1500–2000 years [14]. Post-glacial recolonization of European biota expaned northward from southern refugia [42]. Perhaps it is the western part of Europe that is interesting in terms of recolonization and numbers of refugia—most of them appear to be found on the Iberian Peninsula [41]. In addition, the movement of many species’ ranges in the Holocene of Eastern Europe went in the direction not only south↔north, but very often east↔west [14].



The GIS-model (SDM) of the Early Holocene that we received (Figure 4) clearly shows that the advancement to the north of the turtle range was also possible thanks to the land bridges between the mainland and the peninsulas existing at that time (for example, in southern Sweden at 8.5 ka BP (7.5 ka cal BC). In those times, the annual mean temperatures were above 2.5 °C higher than today, and E. orbicularis reached its maximum distribution, when considering that the Baltic Sea was then a freshwater lake [6]. The northeastern boundary of the turtles’ habitat at the end of the Mesolithic and Neolithic—Eneolithic passed some 100–200 km to the north, and in the Late Bronze Age—the Middle Ages, the northern border of the range passed some 50–100 km to the north in comparison to the current situation (Republic of Tatarstan) [14].



However, the dynamics of the turtles’ habitat was very dependent on climatic factors, which greatly changed during the Holocene (for example, in the Subboreal) [4]. A significant reduction in the nemoral and thermophilic fauna and the onset of boreal and other northern elements to the south and west occurred during the cool-wet inter-century era of the second half of XV century–the end of IX century (“Little Ice Age”), as can be seen from the studies of the home ranges [14]. The increase in turtles’ range is only possible with the next warming. Hence, according to modern data, such dynamics (the pulsation of the home range) is well traced in recent times due to the warming trends observed in the northern part of the turtles’ home range.



Therefore, it is such that animals, such as turtles, can be good indicators of climate change. This is because they are very dependent on climatic factors, like temperature and humidity. Their distribution is related to the climate, and the key factors include sufficient temperature and solar radiation levels in summer, which are necessary for the successful incubation of eggs [22]. However, sharp cooling, as well as a drastic warming and influence of various anthropogenic factors, can lead to negative consequences, both for the species and for its food supply, which significantly reduces its home range [45]. Only recently the literature data has appeared on the advancement of the turtles’ home range in a north-eastern direction. Today, it covers from Portugal to Asia (Kazakstan, Iran, Syria, and Turkey), Morocco, Algeria, and Tunisia. The northernmost populations are found in northeast Germany, Poland, Lithuania, and southern and central Latvia [6,7,15,16,17,18,19]. Such shifts of the range in a north-eastern direction are also characteristic of other herpetofauna species, the distribution of which is associated with the factors of precipitation and/or humidity [48]. Spreading can also occur due to the anthropogenic factor. Therefore, it is very important to analyze the potentially possible habitats of turtles in the present and future while using GIS-modeling.



Our preliminary data shows that, under the considered habitat suitability threshold of 0.1, 82% of Latvia holds suitable locations, primarily in the west and south of the country, and a small portion (14%) in south-west [49]. The resulting Maxent model showed a “very good” prediction (AUC=0.829), which was greater than the 0.5 of a random model. Estonia may also have favorable conditions for the species [19]. However, the currently predicted habitat suitability in this border area is yet fairly low (median=0.35, as compared to 0.49 in Ukraine) due to insufficient heat accumulation in a cold-climate region (indicated in the model by low numbers of growing degree-days with mean temperature greater than 0 °C). Climate changes with warming trends are very likely to support the northward expansion of the European pond turtle and help the species to gain a stronger foothold in the Baltic region.




5. Conclusions


As a result of field studies (2006–2018) covering 25 archaeological sites, 1623 remains of 1504 individuals of subfossil pond turtles (Figure 1, Figure 2 and Figure 3) were found. In addition, our research in Latvia, Russia, and Ukraine most fully helped to study the current distribution of the pond turtle. We analyzed 437 records of Holocene and 2847 present records of pond turtles while using the obtained database (original and literary data). We discovered areas that in the past could serve as glacial refugia for E. orbicularis by performing a GIS-modeling procedure and using 19 bioclimatic variables from the Worldclim and PaleoClim data bases. The obtained data confirms hypotheses that are expressed by other authors about the origin of more than 10 mitochondrial lineage and about eight subspecies [3,6,36,37,38,41]. The GIS-model (SDM) of the Early Holocene that we received (Figure 4) clearly shows that the advancement to the north of the turtle range was also possible, thanks to the land bridges between the mainland and the peninsulas, when considering that the Baltic Sea was then a freshwater lake [6,42]. During different periods of the Holocene, the climate could change and the turtle range varied accordingly. Subsequently, the onset of boreal and other northern elements to the south and west occurred during the cool-wet inter-century era of the second half of the 15th century–the end of the 19th century (“Little Ice Age”) [14]. The turtle has disappeared from many northern marginal localities. The opposite situation is expected by the 20–30th year of the XXI century. Current trends in climate change confirm that turtles’ range is expanding in the north-eastern direction in the present and future. Further expansion of the species to the Baltic countries is highly likely, according to our forecasts (GIS-model).
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Figure 1. Map of subfossil records (from VII BP to XII AD: Ukraine, Russia) of E. orbicularis (Table 1). 
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Figure 2. Fragments of the carapace (a) and plastron (b) of a pond turtle: (a, top image)—with sign of kitchen knife cutting, (a, lower image)—without a trace of cutting, for comparison, Neolithic, Cherkasskoe-3 (Voronezh region, Russian Federation, foto Ye. Yanish) and (b)—Antiquity, Olbia (Mykolaiv region, Ukraine, foto A. Buyskikh). 






Figure 2. Fragments of the carapace (a) and plastron (b) of a pond turtle: (a, top image)—with sign of kitchen knife cutting, (a, lower image)—without a trace of cutting, for comparison, Neolithic, Cherkasskoe-3 (Voronezh region, Russian Federation, foto Ye. Yanish) and (b)—Antiquity, Olbia (Mykolaiv region, Ukraine, foto A. Buyskikh).



[image: Diversity 11 00121 g002]







[image: Diversity 11 00121 g003 550]





Figure 3. (a)—E. orbicularis, was caught an near site of the Neolithic settlement Vasilievsky cordon-27 (located in a meadow nearby a forest). After five years of research nearby the Voronezh River this is the first record of the species here (foto A. Zheludkov, 2018). (b)—E. orbicularis adult female caught in Ance, Ventspils novads, Latvia. This is one of European northernmost modern records of the species (foto M. Pupins, 2007). 
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Figure 4. GIS-model of the Early Holocene location of glacial refuges (red) of Europe by E. orbicularis based numerals refer to mtDNA: I-X [3,4,5,43,44,45], Holocene subfossil finds records in Europe: EO_E—Early Holocene, EO_M—Middle Holocene, EO_L—Late Holocene [5,6,7,23], original data), the line displays the current northern distribution border of native populations [3,4,5,7,8,33]. 
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Table 1. Data on the found subfossil records of E. orbicularis.
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No

	
Archaeological Monument

	
Expeditions No. *

	
Bones/Individuals

	
Coordinates

	
Data






	
1

	
Vasil’yevskiy kordon-17, Lipetsk region, Russia

	
1, expedition leader R.V. Smoljaninov, A.A. Sviridov

	
290/243

	
52.978

	
40.010

	
IV cent. BC




	
2

	
Vasil’yevskiy kordon-27, Lipetsk region, Russia

	
1, expedition leader R.V. Smoljaninov, S.V.S. Hemenev, A.V. Solovev

	
78/70

	
52.977

	
40.010

	
IV cent. BC




	
3

	
Kamennaya mogila, Zaporozhskaya region, Ukraine

	
2, expedition leader N.S. Kotova

	
2

	
46.949

	
35.465

	
VI cent. BC




	
4

	
Starobelsk-I, Lugansk region, Ukraine

	
3, expedition leader Ju.G.Gurin, K.I. Krasil’nikov, staff Voroshilovgrad Pedagogical Institute T.G. Shevchenko with the participation of O. Shaposhnikov, an employee of the IA of the AS of the USSR

	
6/1

	
49.297

	
38.849

	
6954±35 ВР




	
5

	
Cherkassky-3, Voronezh region, Russia

	
4, expedition leader A.M. Skorobogatov

	
80/80

	
50.6407

	
39.932

	
V-VII cent. BC




	
6

	
Cherkassky-3, bottom layer, Voronezh region, Russia

	
4, expedition leader A.M. Skorobogatov

	
24/24

	
50.640

	
39.932

	
6570-6398 (2σ) to 4710-4540 CalBC




	
7

	
Cherkassky-5, Voronezh region, Russia

	
5, expedition leader A.M. Skorobogatov

	
28/28

	
50.640

	
39.932

	
6249-5389 CalBC (2σ)




	
8

	
vil. Losevo, Voronezh region, Russia

	
4, expedition leader V.D. Berezuckij

	
1/1

	
50.686

	
40.024

	
III cent. BC




	
9

	
Laspi-I, Crimea, Ukraine

	
6, expedition leader D.Ja. Telegin

	
4/1

	
44.413

	
33.711

	
Middle IV cent. BC




	
10

	
Dolgoe-I, Lipetsk region, Russia

	
7, expedition leader V.P. Levenok

	
8/8

	
53.461

	
39.120

	
Middle IV cent. BC




	
11

	
Lipetsk Lake, Lipetsk region, Russia

	
8, A.Yu. Klokov

	
2/2

	
52.596

	
39.630

	
IV cent. BC




	
12

	
Dobroe-9, Lipetsk region, Russia

	
1, expedition leader A.A. Kulichkov

	
1/1

	
52.834

	
39.812

	
VI cent. BC




	
13

	
Tuba-V, Lugansk region, Ukraine

	
9, expedition leader S.A. Telizhenko

	
748/748

	
48.840

	
38.590

	
2nd half VII cent. BC




	
14

	
Tuba-Vb, Lugansk region, Ukraine

	
9, S.A. Telizhenko

	
272/272

	
48.839

	
38.590

	
2nd half VII cent. BC




	
15

	
Novoselovka-3, Lugansk region, Ukraine

	
9, expedition leader S.A. Telizhenko

	
1/1

	
49.260

